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(54) Motor/generator 

(57) Two rotors (3,4) and one stator (2) are arranged 
coax i ally A common coil unit (6) for individually driving 
two rotors (3, 4) is provided in a stator (2), and a com- 
posite current of an alternating current for driving the 
first rotor (3) and an alternating current for driving the 
second rotor (4) is supplied to coil units (6) First salient 



poles (7B, 7C, 21 C, 21 D, 21 E) facing the first rotor (3), 
and second salient poles (7D. 21 F) facing the second 
rotor (4), are provided. By setting the number of these 
salient poles equal to the magnetic pole number ratio of 
the first rotor (3) and second rotor (4), the number of 
salient poles is reduced. 
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Description 

FIELD OF THE INVENTION 
s [0001] This invention relates to the structure of a motor/generator. 
BACKGROUND OF THE INVENTION 

[0002] Tokkai Hei 8-340663 published by the Japanese Patent Office in 1 996 discloses a motor/generator comprising 
to two rotors and one stator coaxiaity 'arranged in three layers wherein one of the rotors is driven as a motor and the other 
is driven as a generator. 

[0003] In this motor/generator, two sets of coils are installed in the stator for providing a magnetic field for respective 
rotors, and two sets of inverters, i.e., current controllers, are provided for controlling respective sets of coils. 

!5 SUMMARY OF THE INVENTION 

[0004] However, in the case of this motor/generator, since two series of coils and inverters are required, there is a 
problem in that current losses such as copper loss and switching loss, are large. 

[0005] it is therefore an object of this invention to reduce current losses of such a three-layered motor/generator as 
20 described in the prior art. 

[0006] It is another object of this invention to simplify the construction and reduce the number of parts of such a 
motor/generator. 

[0007] In order to achieve the above objects, this invention provides a motor/generator, comprising a first rotor com- 
prising plural magnetic poles and supported free to rotate, a second rotor comprising plural magnetic poles and sup- 
25 ported frco to rotate coaxially with the first rotor, a stator fixed co-axially with the first rotor, and a coil unit comprising 
plural coils disposed at equal angular intervals on the stator. 

(0008] The coil unit is arranged so as to form plural rotating magnetic fields of equal number to the number of magnetic 
poles of the first rotor according to a first alternating current and to form plural rotating magnetic fields of equal number 
to the number of magnetic poles of the second rotor according to a second alternating current. 
30 [0009] The coil unit comprises first salient poles facing the first rotor and second salient poles facing the second 
rotor, wherein the ratio of the first salient poles and second salient poles is set equal to the ratio of a magnetic pole 
number of the first rotor and a magnetic pole number of the second rotor. 

[001 0] The motor/generator further comprises an electrical circuit for supplying a composite electrical current com- 
prising the first alternating current and the second alternating current to the coil unit, 
35 [0011] The details as well as other features and advantages of this invention are set forth in the remainder of the 
specification and are shown in the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

40 [0012] Fig. 1 is a schematic cross-sectional view of a motor/generator according to this invention. 

[0013] Fig. 2 is a schematic cross-sectional view of a motor/generator comprising coils arranged on the inner cir- 
cumference and outer circumference of a stator, assumed for the purpose of describing a composite current according 
to this invention. 

[0014] Fig. 3 is a schematic diagram of a control circuit according to this invention. 
45 [0015] Fig. 4 is a circuit diagram of an inverter according to this invention. 

[0016] Fig. 5 is a schematic cross-sectional view of a motor /generator according to a second embodiment of this 
invention. 

[0017] Fig. 6 is is similar to Fig. 5, but showing a third embodiment of this invention. 

[0018] Fig. 7 is a schematic cross-sectional view of a motor/generator having a magnetic pole number ratio of 1:1 
50 set as a model for performing a theoretical analysis of magnetic flux and rotation torque. 

[0019] Figs. 8A-8C are diagrams showing a variation of magnetic flux density in the motor/generator of Fig. 7. 
[0020] Fig. 9 is a schematic cross-sectional view of a motor/generator having a magnetic pole number ratio of 2:1 
and coils arranged on the inner circumference and outer circumference of a stator, assumed for the purpose of de- 
scribing a composite current according to this invention. 
55 [0021] Figs. 10A-10D are diagrams showing a variation of magnetic flux density in the motor/generator of Fig. 9. 
[0022] Fig. 11 is similar to Fig. 9, but showing a case where the coils on the inner and outer circumferences are 
integrated. 

[0023] Figs. 12A-12B are diagrams showing a distribution of alternating current for driving the motor/generator of 
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Fig. 11. 

[0024] Fig 13 is similar to Fig 9, but showing a case where the magnetic pole number ratio is 31 

[0025] Figs. 14A - 14D are diagrams showing a variation of magnetic flux density in the motor/generator of Fig. 13. 

[0026] Figs. 15A-15C are diagrams describing magnetic force interference in the motor/generator of Fig. 13. 

5 [0027] Fig, 16 is similar to Fig. 13, but showing a case where the coiis on the inner and outer circumferences are 
integrated. 

[0028] Figs. 17A, 17B are diagrams showing a distribution of alternating current for driving the motor/generator of 
Fig. 16. 

[0029] Fig. 18 is a schematic diagram of a motor/generator according to a fourth embodiment of this invention. 

to [0030] Fig. 19 is similar to Fig. 18, but showing a fifth embodiment of this invention. 

[0031] Fig : 20 is similar to Fig. 18, but showing a sixth embodiment of this invention. 

[0032] Fig. , 21 is similar to Fig. 18, but showing a seventh embodiment of this invention. 

[0033] Fig. 22 is similar to Fig. 1 8, but showing an eighth embodiment of this invention. 

>5 DESCRIPTION OF THE PREFERRED EMBODIMENTS . . 

[0034] Referring to Fig 1 of the drawings, a motor /generator .1 has a three-layer construction comprising a cylindrical 
stator 2 and rotors 3, 4 arranged with a predetermined clearance outside and inside the stator 2. 
[0035] The stator 2, outer rotor 3 and inner rotor 4 are arranged coaxially. The stator 2 is fixed to a casing 41 of the 
20 motor/generator I as shown in Fig 3. The outer rotor 3 is fixed to a frame 5, and the frame 5 rotates relative to the 
casing 41 via an axis 18. The inner rotor 4 rotates relative to the casing 41 via an axis 19; 

[0036] The inner rotor 4 comprises permanent magnets having N poles and S poles respectively arranged on each 
of two semicircles, as shown in Fig, 1. 

[0037] The outer rotor 3 comprises permanent magnets having a pole number two times that of the rotor 4 with two 
-S S polos and N polos alternately arranged at 90 degree intervals. 

[0038] According to this arrangement, the permanent magnets of the outer rotor 3 do not exert a rotation force on 
the permanent magnets of the inner rotor 4, nor vice-versa, due to the following reason 

[0039] In the state shown in Fig, 1 , assume that the S poles of the inner rotor 4 exert a rotation force in a clockwise 
direction on the N poles and S poles in the upper part of the drawing of the outer rotor 3 At that time, the permanent 

30 magnet N poles and S polos in the lower part of the outer rotor 3 tend to rotate in an anticlockwise direction due to the 
magnetic force of the N poles of the inner rotor Therefore a rotation force acting on the N poles and S poles in upper 
part of drawing is offset by a rotation force acting on the N poles and S poles in the lower part of the drawing, so a 
rotation force does not act between the outor rotor 3 and inner rotor 4 in other words, both the outer rotor 3 and inner 
rotor 4 rotate only due to the magnetic force received from the stator 2. s 

3S [0040] The stator 2 comprises twelve coils Gwound around six cores 7. The cores 7 areflarranged at equal intervals 
in a circumferential direction across gaps 9. To reduce the total number of the cores 7, each of the cores 7 is split into 
two parts by slits 7A, and two of the coils 6 are wound on one of the cores 7. These slits 7 A have openings on the 
outer circumference of the stator 2. 

[0041] As a result, two salient poles 7B, 7C are formed facing the outer rotor 3 on the outer circumference of each 
40 core 7, and one salient pole 7D is formed facing the inner rotor 4 on the inner circumference of each core 7. In total, 
twelve salient poles are formed on the outer circumference side, and six salient poles are formed on the inner circum- 
ference side of the whole stator 2. In other words, the total number of salient poles on the outer circumference side is 
egual to the total number of coils, while the total number of salient poles on the inner circumference side is a half of 
the total number of cods. 

45 [0042] For the sake of convenience, the numbers shown in Fig. 1 are assigned to these twelve coils 6. To distinguish 
them from part numbers, the symbol # is attached before a number as in the coil #6 to indicate a coil number. 
[0043] Currents / 7 - /^are passed into these twelve coils #1 - #12. 

[0044] First, a three phase alternating current is passed into three sets of coils to generate a rotational magnetic field 
relative to the inner rotor 4. Specifically, a current is passed through the coils #1 , #2, #7 and #8 so as to form a virtual 

so coil around a virtual axis which intersects perpendicularly with the rotating axis of the rotor 3 (4). For this purpose, a 
current Id is passed through the coils #1 and #2 in the reverse direction to the coils #7 and #8 which are situated on 
the opposite side of the rotation axis of the rotor 3 (4) as center This is done by directing half a current /cr* through the 
coil #7 from the coil #1 and directing the other half of the current Id to the coil #8 from the coil #2. As the coils #1 and 
#2 are adjacent to each other and the coils #7 and #8 are also adjacent to each other, due to this current supply, the 

55 same situation occurs as when the current Id flows through the virtual coil mentioned above, and consequently, an N 
and a S pole are formed at the two ends of a virtual axis. 

[0045] Similarly, the coils #3, #4, #9, #10 form one set, and a current le flows through these coils as if they formed 
one virtual coil around another virtual axis rotated by 1 20 degrees from the aforesaid virtual axis. 
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[0046] Further, tho remaining coiis #5, #6, #11, #12 form one virtual coil around another virtual axis rotated by 1 20 
degrees, and a current /f flows through these coils. 

[0047] Hence, three virtual coils are formed with winding axes which differ by 120 degrees, and an N pole and S 
pole region are formed every 180 degrees as in the case of the inner rotor 3. A three-phase alternating current is 
5 supplied to these sets of coils, and the resultant virtual coil progressively varies its polarity according to the phase of 
the current. As a result, two pole rotating magnetic fields are formed enclosing the inner rotor. 

[0048] In this embodiment, the flow of the current is represented in the form f#1,#2]'= f#7.j£8] ( [£314] = [#9 ( #1G], 
[#5,#6] = [#11 , #12 1. 

[0049] A coil with an underlined number means that a current is passed in the reverse direction of a coil with a number 
10. which is not underlined. 

[0050] Next, a three-phase current is passed into three sets of coils by the following combination so as to generate 
a magnetic field relative to the outer rotor 3. 



[0051] In other words, a current ia is passed to coil #4 from coil #1 , and a current la is made to flow to coil #10 from 
coil #7. Considering a line connecting an intermediate point between coil #1 and #4 and an intermediate point between 
coil #7 and #10 in Fig. 1 as a virtual axis, a virtual coil is formed comprising coil #1 and #4 and a virtual coil is formed 

20 comprising coil #7 and #10 around the axis due to the current ia. 

[0052] As the flow of current of these virtual coils is in opposite directions, an N pole is formed for example at the 
two ends of the virtual axis and an S pole is formed near the rotation axis of the rotor 3 (4) in the two sets of virtual 
coils Considering this on the periphery relative to the outer rotor 3, it is equivalent to forming N poles and S poles 
alternately at 90 degrees intervals. 

25 [0053] Similarly, for coils #2, #5, #8 - and ./MO, acurront Ibis passed. Similarly, for coils #3, #6, #11 and #12, a current 
Ic is passed.' Duo to this, four-polo rotating magnetic fields are formed relative to the outer rotor 3. 
[0054] To satisfy the above conditions, the following currents /, - l l2 should be passed through the twelve coils 6. 



is 



[1] =[4] = [7] = [10], [2] - [5] = [8] = [11]. [3] = [6] = [91 = [121 



30 



35 



l 3 =l-IUIb 



40 



I = J .i Q+ f c 



45 



■l 7 =l.ld+la 



50 



l 3 =l-ld + lc 



ss 
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[0055] A current in the reverse direction is shown by underlining added to the current symbol. 
[0056] Nest, referring to Fig. 2, the determination of the currents will be described. Fig. 2 is provided for the purpose 
of comparison with the motor/generator in Fig. 1. In the motor/generator in Fig. 2, specific coifs d, f, a are provided for 
w rotating the inner rotor 4 and specific coils a, c, b are provided for rotating the outer rotor 3. 

[0057] In other words inner coil d, f, e form rotating magnetic fields relative to the inner rotor 4 and outer coil a, c, b 
form rotating magnetic fields relative to the outer rotor 3. 

[0058] To combine these two groups of coils into the one group shown in Fig. 1 , of the inner coils in Fig. 2, half of 
the current passed into the coil d is taken up by each of the coils a and c which are in the vicinity of the coil d, half of 
is the current passed into the coil /'is taken up by each of the coils a and c which are in the vicinity of the coil /, and half 
of the current passed into the coil e is taken up by each of the coils cand b which are in the vicinity of the coil 0. The 
equations for the currents /, - /^mentioned above are mathematical expressions of this concept. However, the currents 
may be set by other methods described hereafter. 

[0059] When this current setting is applied, two rotating magnetic fields can be formed simultaneously, i.e. rotating 
20 magnetic fields relative to the inner rotor 4 and rotating magnetic fields relative to the outer rotor 3, despite the use of 
one set of coils Also the rotating magnetic fields which the stator 2 forms relative to the outer rotor 3 do not give a 
rotational torque to the permanent magnets of the inner rotor 4, and the rotating magnetic fields which the stator 2 
forms relative to iho inner rotor 4 do not give a rotational torque to the permanent magnets of the outer rotor 3. This 
point is verified by theoretical analysis described later. 

[0060] The frequency of the currents id, ff, to is set basod on a target rotation spood of the inner rotor 4 and that of 
the currents /,■-?. ic. it is. sot basod on a target rotation speed of the outer rotor 3. 
[0061] Control of the motor/generator 1 is performed by a controller shown in Fig. 3. 

[0062] The controller comprises an inverter 12 to convert the direct current of a battery power source IT into alter- 
nating currents in order to supply the stator 2 with the currents /, - l 12 . This inverter 12 is a twelve-phase inverter 
30 comprising twenty four transistors Tr 1 - Tr 24 and the same number of diodes as shown in Fig. 4 This inverter 12 may 
be obtained by modifying an ordinary three-phase inverter to have twelve phases 

[0063] An ON/OFF signal supplied to each gate of. tho inverter 12. ie.. base of the transistors, is a pulse width 
modulation (PWM) signal 

[0064] Rotation angle sensors 14 and 13 to detect the phase of the rotors 3 and 4 are installed, and signals from 

05 these sensors 13 and 14 are input into a control circuit 15. 

[0065] The PWM signal ts generated in the control circuit 1 5 based on positive or negative torque command values 
input to the control circuit 1 5 specifying the desired torque to be exerted on the outer rotor 3 and inner rotor 4. 
[0066] In this way, in this motor/generator, two rotors 3 . and 4 and one stator 2 are arranged coaxially in three layers, 
a series of coils 6 is provided in the stator 2, and currents are passed to these coils 6 so as to generate rotating magnetic 

JO fields inside and outside which are equal in number to the number of magnetic poles of the rotors 3 and 4. 

[0067] Therefore, when one of the rotors 3 and 4 is driven as a motor and the other is driven as a generator, a current 
differential between the motor drive force and the generator drive force may passed into the coils 6. It is not necessary 
to provide specific coits for the rotors 3 and 4 separately as in the aforesaid prior art. Hence, current losses are largely 
reduced. 

45 [0068] Further, as the rotation of two rotors 3 and 4 can be controlled by a single inverter 12, the cost of the inverter 
can be reduced, and as the power switching transistor capacitance of the inverter is reduced, switching efficiency 
improves. 

[0069] In this way, of the salient poles formed on the outer circumference and inner circumference of the stator 2, 
the total number of inner salient poles 7D is arranged to be a half of the total number of coils 6, so the number of the 
50 cores 7 can be reduced relative to the number of coils, and the number of components of the stator 2 can be reduced. 
[0070] Next, a second embodiment of the invention will be described referring to Fig. 5. 

[0071] According to this embodiment, the outer rotor 3 comprises six magnetic poles and eighteen of the coils 6 are 
used for the stator 2. In the aforesaid first embodiment, the magnetic pole number ratio of the outer rotor 3 and inner 
rotor 4 was 2:1 , but in this embodiment, the magnetic pole number ratio is 3:1. In other words, S and N poles alternate 
5S every 60 degree -'in the outer rotor 3. 

[0072] In the stator 2, one core 21 is used for three coils. The stator 2 comprises six of the cores 21 arranged at an 
equal interval With a predetermined gap 22 on the circumference. In each core 21 , two slits 21 A and 21 B which open 
toward the outer circumference are provided so as to split the core into three parts. 
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[0073] Due to this, the core 21 comprises three salient poles 21 C, 21 D, 21 E on the outer circumference and one 
salient pole 21 F on the inner circumference. Overall, there are eighteen salient poles on the outer circumference and 
six salient poles on the inner circumference In other words, the total number of salient poles on the outer circumference 
is equal to the number of coils 6, and the number of salient poles on the inner circumference side is one third of the 
total number of coils 6. In this embodiment also, the construction of the stator 2 may be simplified by reducing the 
number of salient poles. 

[0074] However when the magnetic pole number ratio is 3:1 , unlike the case where the magnetic pole number ratio 
is 2:1 ,the permanent magnets of the inner rotor 4 are affected by the rotating magnetic fields formed by the stator 2 
relative to the outer rotor 3, and a fluctuation occurs in the rotational torque of the inner rotor 4. The permanent magnets 
of the outer rotor 3 do not receive a rotational torque from the rotating magnetic fields formed by the stator 2 relative 
to the inner rotor 4, so the rotational torque of the outer rotor 3 is free from fluctuation. 

[0075] From theoretical analysis described later, this torque fluctuation is a function of the phase difference 
(omega 1 -omega2) of the outer rotor 3 and inner rotor 4. Therefore, this torque fluctuation can be canceled by previously 
applying an amplitude modulation to the alternating current which generates the rotating magnetic fields relative to the 
outer rotor 3. 

[0076] As a result, in this embodiment also, the outer rotor 3 and inner rotor 4 may basically be driven independently 
by a composite current as in the case when the magnetic pole number ratio is 2;l . 

[0077] Further, in this embodiment, an eighteen-phase alternating current is passed through eighteen of the coils 6. 
However, as the phase of the alternating current is actually reversed over half a semicircle, it is sufficient if the inverter 
12 has a function to produce nine-phase alternating current. In other words, the same current is passed in Ihe reverse 
direction through coils -#1 and # 10, and the same current is passed in the reverse direction through coils #2 and #11., 
coils #3 and #12, coils #4 and #13, coils #5 and #14, coils #6 and #15, coils #7 and #16, coils #8 and #17, and coils 
#9 and #18. 

[0078] Due to this, as the inverter 1 2 can be constructed from eighteen transistors and eighteen diodes, the number 
of transistors and diodes can bo roducod in comparison to the aforesaid first embodiment. 
[0079] Next, a third embodiment of the invention will bo described referring to Fig. 6. 

[0080] This embodiment integrates six of the cores 21 of the aforesaid second embodiment as a core 31 by providing 
a large resistor 32 of high magnetic reluctance instead of the gap 22 of the aforesaid second embodiment. 
[0081] The large resistor 32 comprises slits 32A and 32B which are respectively provided on the outer circumference 
and inner circumference of the stator 2. In this embodiment, eighteen salient poles are formed on the outer circumfer- 
ence of ihe stator 2, and six salient poles are formed on the inner circumference as in the aforesaid second embodiment. 
[0082] Due to this, the number of parts and number of assembly stops of the stator 2 are decreased more than in 
the aforesaid second embodiment. 

[0083] The above-mentioned embodiment describe cases where the magnetic pole number ratio was 2:1 or 3:1, but 
it can be shown from theoretical analysis that the outer rotor 3 and inner rotor 4 can be driven using one type of the 
coils 6 whatever the magnetic pole number ratio may be. 

[0084] Next, the theoretical analysis of the driving forces acting on the rotors will be performed with respect to the 
magnetic pole number ratios. 

(1)/V(2p-2p) type 

[0085] First, describing the notation N(2p - 2p), 2p on the left represents the number of magnetic poles of the per- 
manent magnets of the outer rotor 3, and 2p on the right represents the number of magnetic poles of the permanent 
magnets of the inner rotor 4, Accordingly, the magnetic pole number ratio N(2p - 2p) means a motor/generator wherein 
the magnetic polymer ratio of the outer rotor 3 and inner rotor 4 is 1:1. 

[0086] N is a positive integer. If N is 1 , the magnetic pole number of both the outer rotor 3 and inner rotor 4 is two, 
and if /Vis 2, the magnetic pole number of both the outer rotor 3 and inner rotor 4 is four. 
[0087] Fig. 7 shows the case of a motor/generator wherein N is 1. 

(1 -1 ) Basic formulae 

[0088] In Fig. 7, if the permanent magnets of the outer rotor 3 (hereafter abbreviated as outer magnets) m 1 and the 
permanent magnets of the inner rotor 4 (hereafter abbreviated as inner magnets) m 2 are replaced by equivalent coils, 
the magnetic flux densities B v % of the permanent magnets may be represented by the following equations (1)and (2). 



B 1 - Bm 1 -sin((o 1 >t - 6) = \x-lm 1 •s/n(co 7 -f -0) 



(D 
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B 2 = Bm 2 >$in(co 2 -t + a - 0) = \\-lm 2 'S/'n((o 2 •/ + a - 9) (2) 

where, 

Brrip Bm 2 = magnetic flux amplitudes, 

ja ~ magnetic permeability, 

im 1 - equivalent direct current of outer magnets, 

/mg-= equivalent direct current of inner magnets, 

w 7 - rotational angular velocity of outer magnets, 

co 2 - rotational angular velocity of inner magnets, 

a ~ phase difference of outer and inner magnets (when t-0), and 

t - elapsed time from lime when phase of outer magnets and stator coil coincided. 

[0089] If the current passed through the stator is a three-phase alternating current, the magnetic flux density Be due 
to the stator coil is expressed by the following equation (3). 



Bc^ju n- |/ca(0 - sin 0 + lcb(t) ■ sin^e ~ ~ j + lcc(t) : siny 6 - — J 
where, n = coil constant. 

[0090] In. equation (3), lca(i), icb(t), icc(t) are currents which are different in phase by 1 20 degrees. 
[0091] The variation of the aforesaid magnetic flux densities B v B 2 and Be is shown in Figs 8A - 8C. The magnetic 
flux density changes as a sine-wave, and a totai magnetic flux density Sat an angle _ is expressed by the following 
equation (4). 




30 



B = B,+B 2 +Bc 



+lcb{t) • sin{e - ^ j + lcc{t) • sin[o - ^ j| (4) 

[0092] Here, let the torque acting on the outer rotor 3 be t 7 . If the force which acts on a semicircle of the outer rotor 
40 3 \sf 1} the force which then acts the other semicircle is alsof?. Accordingly, the force acting on the whole circumference 
is 2f p and the torque x 7 may be expressed by the following equation. 

45 

where, r 7 = distance to outer magnets from center shaft of outer rotor. 
[0093] Here, the force f 1 is a drive force which occurs when a direct current /m r is generated in a magnetic field of 
magnetic flux density B. From the above equation, it is seen that there is a directly proportional relation between the 
torque x 1 and the drive force f v As an equivalent direct current is formed for each semicircle, f 1 is given by the following 
50 equation. 



f 1 = lm r B 



55 



where, 
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e = «yr 0 



[0094] From this equation and equation (4), f 1 may be expressed by the following equation (5). 



f r r= /m, 



[jj tm 2 - sin(co 2 t + a- co, • f ) + ji- n • {lca(t) • s/n(co, ■ f ) 



10 



+Icb(t) sin^co, ■ f - ~ j + /cc(f) • s/nf<y, • f » ^ 



(5) 



is [0095] Similarly if the force acting on the semicircle of the inner rotor 4 is f 2 , the force acting on the whole rotor is 
2f 2 , so the torque To acting. on the inner magnets m 2 may be expressed by the following equation. " • 

to = 2f 2 ' r 2 

20 

where, r 2 - distance from center axis of inner rotor 4 to the inner magnets m 2 ., 

[0096] Here the force f 2 \s the drive force due to an equivalent direct current lm 2 in a magnetic field of magnetic flux 
density B. As an equivalent direct current is formed for each semicircle, f 2 is given by the following equation. 

25 f 2 =lm 2 S 
where. 



30 



[0097] From this equation and equation (4), f 2 may be expressed by the following equation (6) 



35 



40 



f 2 = lm 2 



\i /m r sin(o) r t -co 2 t.-ot) +' fi • n \lca(t) sin(co 2 t + cc) 



+lcb{t) * sinf^Q) 2 . t + a - ^ j -f fcc(f ) . s/nj^ • 1 4- or - ^ j j 



(6) 



45 



(1-2) When external rotating magnetic fields are applied 

[0098] In order to pass currents in the coils a, b, c each of which has a phase difference of p with respect to the 
rotating outer magnets m v alternating currents lca(t), icb(t), lcc(t) in equation (3) are set by the following equations 
(7A) - (7C). 



//ca(f) = Ic-cosi&j-t - (3 \ 



(7A) 



55 



lcb(t) = Ic ■ cos^co, 



(7B) 
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lcc{t) * Ic cos\ co r t-p-^- 



(7C) 



where, 



\c- amplitude of alternating currents, and 
[3 = phase difference. 

[0099] The drive force f v f 2 \s calculated by substituting equations (7A) - (7C) in equations (5) - (6). 



/). = lm t {/u • Im 2 - sin{co 2 t + a-(D r t)} + ii n lc- \cos(co 1 ■/-/?)■ s/n(<y, * f) 



[0100] Here, the above equation may be rewritten using the formula 



cos(a + b) - ^ -{sin(2a + £>) - s/n(fc>)}. 



1 = ,m i' 



ii lm 2 . s/n(^ . f + a - co, t) + /i . n /c • ~ {s/n(2fl>, ■ f - /?) + s/n- p] 



1 

H 

2 



//TV 



s/n<! 2| <y, • t-—)-(3 \ + sin p 



1 

4- — 

2 



M lm 2 - sin(co 2 1 + a- co, f ■) ■+ —junto 



3sinp + sin\2\ o) r t-~\~p\ 



+ sin\2\c> r t~^\-p 



= Imy fi lm,* sin((o 2 : t + a - <y,' • f ) ■+ ~ - /i . n ■ /c • |3 s/n p + s/n^2&>, • / - ^ - £ j 



= //77, ■ 



+ S//7 



iU s//7(ty 2 t + cc- <y, ■ t) + ~'n-n-lc-l 3 sin p + sin^o), t-^-~- 



2co,t-p 



4n 



= ~lm,- 



3 

ft- • lm z sin{(co 2 - a>,) - t - a} - - • fx • n ■ Ic ■ sin p 



(8) 



[0101] Equation (8) has a form wherein the first term which is a torque fluctuation amount due to the effect of the 
magnetic field of the inner agnets is added to the second term which is a constant torque. 
[0102] Also, ^may be rewritten by the following equation 
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10 



f s = lm g B 



lm 0 



Id Im,- sin(co, t - co 3 t - a) 



+IJ-n- Ic ■ jcos(<u, • t - p)- sin(a) 2 ■ t + a) + cosl^co, t-^-p 
+ cos^co, -t-~-pj. sin(cQ 3 t-^ + a 



N ■ t * 2K 
sin\ ta.,t + a 

{ J 3 



15 



25 



30 



35 



40 



45 



SO 



55 



[0103] Here, the above equation may be rewritten using the formula 



cos(a)-sin(b) = - *{s/n(a + b) - sin(a - b)}. 



f 2 = lm 2 - 



lm r sin(o), t ~ <v 2 t ~ a) + ju - n ■ Ic ^ • j$/n(a>, t - (5 + o 2 -t + a) 
'(a>, - 1 - (3 - o) 2 t - a) + s/h^, ■ f - ^ - 0 + ^ - ^£ + a j 



- s/n 



- s/nl a> r f (3~a) 2 t + a 

V 3 3 



■■Jrrin- 



IXrlm^sin^ t-~a) 2 t - a) + ii n lc ~ 



-S/A){(fl) r -fl} ? );f-a + )3} 

+■ s/n + co 2 ) • f - ^ + a - /J j - s/n{(<o, - a^') . f - a - j9} 

■ lm,- sin(a), ■t-a) 2 t~a)-—finlcsin{{w,-(!0 2 )t-a-{5} 



+unlc — 
r 2 



sin{(a), + co 2 )t + a-p} + s/nj(a>, +co 2 ) t+a-p- ~| 
+ sin^[co 1 +co 2 ) t + a- p-^—-^ 
= n lm 3 - lm,- sin{(a), -co 2 ) t -a}-- n Ic s/n{(o>, - a> a ) • t - a - p) 



(9) 



(1-3) When inner rotating magnetic fields are applied 

[0104] In order to pass currents in the coils a, fa, c each of which has a phase difference of 7 with respect to the 
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rotating inner magnets alternating currents lca(t), lcb(t), icc(t) in the above equation (3) are set by the following 
equations (10A) - (10C) 



Hca(i) = l&cos{co 0 - { - 7) 



(10A) 



!cb(t ) = lc • cos^co 2 t~y~ £2L j 



10B) 



7cc(f ) = lc ■ cosl co 2 t - y - 



4k 



IOC) 



where, 



lc- amplitude of alternating currents, and 

7 - phase difference. 

[0105] The drive force f p f 2 \s calculated by substituting equations (10A)-(10C) in equations (5) -(6). 



H - tm ? • sin 



CO 



2 t + a-(D r t + ji-n-lcl cos(co 2 t - 7) • s/n(aj, ■ t ) 



+ cos{a> 2 't- Y ~\ sin[co, • f - ^ j + cos^, ■ f - 7 - ^) ■ s/n(a>, • f - ^ 



[0106] Here, the above equation may be rewritten using the formula 



cos(a) -sin(b) = ^ '{s/n(a + 6)- s/n(a - b)\ 
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w 



is 



20 



f,=lm,- 



Mlm 2 sin(M 3 t + a-m r t) + ^^nlc\sin(o) 2 t~y + a),t) 



sin(co 2 t-y-co,t) + sin 



- sin 



2k 2k\ 

co 2 t-y + co.t 

3 ' 3 ) 

('<o 9 -t-Y-~-(o r t + ^ + sin[<o i -t-y-^ + (o r i- — 



v 3 



4k 



1 3 1 3 



lm. 



H -lm 2 - sin{{co 2 -co,) t + «} + -• fi n lc 



- sin{(a> 2 ~co,)t-y\+ sin{ (co 2 + co,) t-y- 4K 
+ sin\(co ? +co,)t-y-^- sin{(co 2 -co,)- t-y] 



sin{(co 2 + (!),)■ t-y] 
-sin{(co 2 -co,)t~y} 



25 



30 



35 



lm, ■ [/i im 2 sin{(a h -a>,). t + a }-l M . n i c . s/n {(^ _ a% ), t - y) 



+ — ■ n n lc 
2 



sin{(o) 2 + co,)-t-y} + s jn^(o 2 + co, ) t - y - 



2k 
3 



+ sin\ (co 2 +co,) t -y -~ 
I 3 



lm 2 ■ sin[(co, ~co ! ).t-a}-~.n.!c sin{(co, -co 2 )t + y} 



(11) 



40 [0107] Equation (11 ) shows that a torque fluctuation occurs only in the outer magnets. 
[0108] Also, f 2 may be rewritten by the following equation. 



f 2 = lm 2 



M lm,- sin(co 2 ■ t - co, t - a) + M n ■ Ic ■ l^cos{co 2 ■ t - y)- sin(co 2 t + a) 



+ cos{ co 2 -t-y-^. S in^co 2 t + a~ 
+ cos\ co 2 t-y-^. S jn[co 2 t + a -*2. 



ss [0109] Here, the above equation may be rewritten using the formula 



cos(a)-sin(b) = - -{sin{a + b) - sin(a - b)}. 
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f 2 ~ lm P 



ix lm, sin(co r t-co 2 t-~a)~~ /u n lc- sin(-a - y) 



+ - ix • n - Ic • <j sin(2 ■ co 2 t + a - y ) + sin[ 2 co 2 < f + a - y - ^ 



75 



4k 



3 

im } - sin{(co, - co 2 ) * t - a] + - • n • /c ■ s/n(a + y) 



12) 



[01 10] Equation (12) has a form wherein the first term which is a torque fluctuation amount due to the effect of the 
magnetic field of the inner magnets is added to the second term which is a constant torque. 

20 ( j-4) When the outer rotating magnetic fields and inner rotating magnetic fields are applied together 

[0111] The above fca(t), icb(t), lcc(t) are set to pass a current through the coils 6 in synchronism with the outer 
magnets and inner magnets, 



lca(t) - /c-eos(o) - |5) +.lc P -cos(&^t-y) 



(13A) 



30 



icb{t) - IC- COSTCO, ■ f-/J-±£j + \c 2 - COSTCO, t-y - ^ j 



(13B) 



35 



lcc(t) - Ic cosl 0) r t-P 



4x\- t f 4k 

J +■ Ic 2 ■ cos\ Qj 2 ,t~Y - — } 



13C) 



[0112] The drive forces f v f s are - calculated by the following equations (14), (15). 



45 



50 



55 
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10 



15 



f, =//77,- 



/u lm 2 sin{co 2 t + a- m 1 -f)-f- ft • n 



lccos(co 1 f-/?) 



-h/c^ • cos(co 2 t - 7)} • s/n(a>, • f ) 4- < Ic • cos co r t- (i- 



+lc 2 • cos\ 



2£ 

V ' ' 3 

( , 2rt\\ . ( .2k 
\ (x> 0 • t - y - 



+ |/C ■ COS^O), • t - f3 - ^ j 



-wc. ■ cos co 9 -t - y ^ • sin\ co.-t 

\ 2 3 J { 1 3 



• lm 2 sin(co 2 - 1 + a - ai y • f ) + /i ■ n ■ j/c • cos(<u ; s/n(a>, • t) 

\c 2 • cas(a) 2 -t - y) • s/n(<y ; • f ) + Ic ■ cos^a>, t - p ~ ~ j ' s/n|- cu, ■ f - 



2k 
3 



cos f 



2*^ . ( . 2k 



JO 



-Wc-cos| a> f • f- /?- — J- stn\ co t 
+/c P cosj rx> ? - f - y - — j ■ s/nl co 1 t - — 



35 



40 



45 



50 



'/c.{cos(fl) f t-(i) sin{o) 1 t) 



/u lm 2 sin(co 2 t + a-o), -t) + jii>n i 
+ cosj^, . f - /3 - ~~ j • sin^co, . f - C os^fl», ■ f - 0 - ~ ] • sin^co, . r - 

+/c 2 • |cos(^ • f - y ) • s/n(cy f : t) + cos[a) 2 f - y - ^ j ■ s/n^a>, ■ * - ^ j 



4k 
3 



+ cos\o) 2 t - y - — I ■ s/ni a>, f - — 



-h/c 2 • 



/i- lm 2 sin(co 2 *f + cr- co r t) + ju n 
3 



lc-\ysinp 



•s/V?{(a),-^)f + y} 



(14) 



[011 3] Equation (14) has a form wherein a torque fluctuation is added to a constant torque according to a rotation 
55 phase difference (3 relative to the outer magnets m T . 
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10 



15 



/u lm^ sin(a) 1 ■ t - a) s • t - a) + f.i n ■ 



/c-cos(a>, -t ~ p) 



2/r 
3 



+/C 5 COS COo t 



2k\ 



K ' - y -3i 



sin\ co,t + a- ~^-\ + cos{w 1 t- fi- 



ll 



iWC , COS! Q) 0 ' t - 7 



4k 



lm 2 < 



3'1]' ' \ -' 3 ) 

fi lm,- sin(o) t • t - co 2 • t - a) 4- ix ■ n >\ Ic • cos(<u, - t-p)- sin(a) 2 ■ f + a) 



s/n| <w • f + a - — 



+/c 2 ■ cas(co^ ■ f - y) ■ sin(a) 2 • f + a) + /c ■ cos^gj, t - p~~ j • 



cos 



I oj 0 r- y 



H-/C COS 



4/r^ 



a?, - t- p- — J-s/r? 



6> 2 f + a - ■ 



4* 



+lc 2 ■ cos|^ cj^-t - y - — J ■ s/ni co^ ■ / + a ~ — I 



35 



40 



45 



SO 



pi'lm, s/n(a;, t~a) 2 t-a) + }i n 
2k 



= Im 2 
+ ccs|^a>, - t-p 

+ COS CQ^t- P 



Ic- \ cos(co, -t-P)- sin(a) 2 ■ f + a) 



— j s/nj <y 2 f + a 
— ■ [ - s/n| w 9 -f + a 



2k_ 
3 

4k 



+ lc 2 -\ cos(oj 2 • f - y ) • s/n(a> 2 - f + a 



+■ cosl <w 2 ? - 7 - — J - s/nl • f + a - — 
+ cos a> 2 ■ ? - y 



4k 



stn\ co? • t + a - 



4/r 

IT 



55 



[0114] Here, the above equation may be rewritten using the formula 

(&s(a)>sin{b) : =~-{sin{a + b)-sin(a-b)} 
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lm 2 - ]i lm,- sin((o, t -a) 2 t - a) + \x n- Ic - • {sin{(o, ■ t - p. + a> t t + a) 

- sin{co, t ~ p-a) 2 t-a)\ + ~ js/n^do, • f - 0 - ^ + qj 2 • f + a - ~) 

-sinya), ■ t~p-^--a) 2 -t-a + ~ ] ^ + /<V ~{sin(a> 2 t -y + co 2 t + a) 

- sin(co 2 ■t-Y-6>2-t-Q)} + ~ js/n|w 2 .t-y-^- + co 2 t + a- — j 

- s/n( co 2 t - y - : f ~ a + ^)} + ^ ' { s/n ( Q,? - ' f " y " T + < ° 2 ' * + " ' 



- sin\ o) 2 ■ t - 7 



47T 

*3~ 



■co 2 t - a + 



4k 



j.i \rr\y sin((D, ■ t - co 2 t - a) + fi n 



Ic \ ~^ {sin((i), t - p + co, t + a) 



- sin(n), t - p- co 2 t - a) j + ^ • js'/n^a;, f - /? 



- sin(a), t - f} - o) 2 ■■ t-a)\ + ~l sin^co, ■ t - p + a> 2 t + a -~ | 



4k 

' + (o, t + a ■- 

3 



- s/n(a>, • t - p - o) ? ■ t - a) > + \c 2 ■ 



— • {sin(a) 2 •t-y + o) 2 t + a) 
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t - 


Y- 




t-a) 


- sin((o 2 


t- 


7- 




t-a) 


- sin(a) ? 


■t- 


7- 


Q) 2 


•t-a) 



4k 



8k 



lm 2 V /m, sin(u), t - a) 2 i a) + ~- fi- n lc ■ |s/n(ct), ■ ? - ^ + ^ ^ + «) 

-sin(co. <t- p-co 2 ■t-a) + $inl^cai/t-- (3 + a) 2 *' + a ~~^~) 
~sin(co, f - j3 + ru, r-a) 



+ 1 . ^ . n ■ tc 2 ■ \ sin(co 2 -t -y + co 2 - t + a)~ sin(a) 2 ■ t - y + co 2 t - or) 



2 
■ s/'r? 



■ / - y + ^ ' f + a ~ ] ~ S" 7 !^ * ' " 1 ~ co 2 ' t -«) 



+ s/ni <y P ■ f - y + ca^ ■ f + a - — 



j - sin(co 2 t - y - co 2 • t - a) j 



= ! ^ /m, - s/n(a>, ■ t - co 2 t - a) + ^ ■ /i n - /c [-3 s/n{(a> 2 - g>, )f - a - 0} 



+ ^ - {j n lc 2 ■ [-3 • sin(-a - y|} 



3 l 
/i Im, sin{co r t -co 2 t -a)--- i± n lc- sin{(co 2 - <u,) • f - a - (3} 



+ — jj n lc 2 3 sin(a + y) 



(15) 



[0115] Equation (15) also has a form wherein a torque fluctuation is added to a constant torque rotation phase di 
ference (a+y) relative to the inner magnets m 2 . 

(1-5) Summary 

[0116] The above-mentioned equations (8) t (9), (11 ) t (1 2),(14),(1 5) may be summarized as follows. 
[0117] When the outer rotating magnetic fields are applied 



lm 2 sin{(co 2 - co^-t - a} - — ■ n • /c • s/n /3 



(8) 
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//?v s/n{(<y, -cx) 2 ) t-a}-^n Ic- sin^coj - co 2 ) t - a - (i) 



(9) 



[0118] When the inner rotating magnetic fields are applied 



10 



lm 2 $in{(m s - a), ) ■ t - ex] n ■ Ic sin[(a>, - a) 3 )-t + y) 



IS 



3 

Im, • sin[(xx) r - a) 2 )- 1 - a} + ~ > n - Ic • sin(a + /) 



[12) 



20 



2S 



[0119] When the outer rotating magnetic fields and inner rotating magnetic fields are applied together 



f t ~lm r 



ju lm 2 sin(a) 2 t + a - co 1 -t) + fi-n- 



lc-\ ~ sin/} 



:i4) 



30 



/m r sin^o, t~co 2 < t ~a) + — -n-lc- sin{(a)j - co 2 ) t - a - /?} 



+ — n ic 2 sin{a + y) 



(15) 



40 



45 



55 



[0120] The meaning of these equations is as follows, 

[0121] The second term on the right-hand side of equation (8), the second term on the right-hand side of equation 
(12), the second term on the right-hand side of equation (14) and the third term on the right-hand side of equation (15) 
are fixed terms, i.e. , constant values, and a rotational torque occurs only when these constant terms are present. Terms 
other than the constant terms are trigonometric functions, and the average Value ol a drive force fn which does not 
comprise a fixed term is zero, in other words, a rotational torque does not occur due to terms other than fixed terms. 
[01 22] Comparing equations (8) and (9) , only f 1 from equation (8) comprises a constant torque. In other words, when 
a current is passed through the coils 6 of the stator 2 in synchronism with the rotation of the outer magnets, a rotational 
torque acts only the outer magnets.. 

[0123] Comparing equations (11) and (12), only f 2 Uom equation (12) comprises a constant torque. In other words, 
when a current is passed through the coils 6 of the stator -2 in -synchronism with the rotation of the inner magnets, a 
rotational torque acts only the inner magnets, 

[01 24] Comparing equations ( 1 4) and ( 1 5), i 1 from equation (1 4) and f 2 from equation ( 1 5) both comprise a constant 
torque. In other words, when a current synchronized with the rotation of the outer magnets and a current synchronized 
with the rotation of the inner magnets are passed together through the coils 6» rotational torques corresponding, to the 
respective currents act on the outer and inner magnets. 

[0125] it is seen from the above facts that, when the magnetic pole number ratio is 1:1 , the two rotors 3,4 can be 
driven as a generator and a motor simultaneously using only one series of coils 6. Further, it may be surmised that the 
same operation is possible for any magnetic pole number ratio. 

(1-6) Suppression of torque fluctuation 



[0126] Due to terms other than fixed terms in the equations containing fixed terms, i.e., due to the first term on the 
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JO 



25 



45 



50 



55 



right-hand side of equation (8), and the first and third terms on the right-hand side of equation (1 4). a torque fluctuation 
appears in the outer magnets rotation due to the phase difference {m r (n s ) between the inner magnets and outer mag- 
nets. 

[0127] Also, due to the first term on the right-hand side of aquation (12), and the first and second terms on the right- 
hand side of equation (15) : a torque fluctuation appears in the inner magnets rotation due to the phase difference (to r 
co 2 ) between the inner magnets and outer magnets. 

[0128] Now, the suppression of torque fluctuation will be considered when both the outer rotating magnetic fields 
and an inner rotating magnetic fields are applied. 
[0129] Equation (14) may be rewritten as follows. 



f, = n-lm,- fm ? ■ sin(co 2 -t + a~co r t) + Ic ■ t u ■ n lm. Ic ■ ( ~ - sin [i 



+lc 2 -lm t -^-sin{(cQ f -Q) P )>t + r } 



[0130] Here. f 1 may be written as follows. 



f 1 = A + ic- C + Ic 2 - V (16) 



wheio, 



A = \.i'lm 1 -lm 2 'Sin(u) 2 't' ha ' <3 *i't)' 



V= /my t, •s/rr{((0 r -co 2 )-f+YK 



and 

J5 C = n fm r ic [^ sin(3 |. 

[0131] Here, if a modulation of /c= c f A ~ h . 2' v is added, f 1 =C 1 (constant) and the torque fluctuation is eliminated from 
40 the rotation of the outer magnets. ° 

[0132] Similarly, equation (15) may be rewritten as follows. 



f 2 - \X'lm 2 -fm 1 'Sin{oi> y t-co 2 - f-a)+/c~ • ju • /m 2 ■ n*s/n{( co 7 -G> 2 )-f- a- (3 ( 



[01 33] Here, f 2 may be written as follows. 



3 



f 2 = -A + fc-D + ic 2 -E (17) 



where, 



3 
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and 

3 

E ~ ~ -fi. /m 2 '/?-Sfrt(a+Y). 

[0134] Here if a modulation of lc 2 ~ c * " A ~ lc '° \$ added, C 2 (constant) and the torque fluctuation is eliminated 
from the rotation of the inner magnets. £ 

[0135] Therefore to give both permanent magnets a constant rotation, the following two simultaneous second order 
equations regarding Ic and lc 2 should be solved. 

C, = Avlc-C^lc^V (18) 



{S C 2 ^ -A + fc-D+fc 2 -E (19) 

[0136] In this way in the composite current, the torque fluctuation in the rotation of the rotors can be eliminated by 
adding an 'amplitude modulation to the alternating current which generates rotating magnetic fields that produce a 
torque fluctuation 

20 

(2) A/(2(2p)-2p) Type 

(2-1 } When the magnetic pole number ratio is 2:1 

25 [0137] Taking the motor/generator of Fig. 9 as an example, when the magnetic pole number of the outer magnets is 
4 and the magnolia polo number of the inner magnets is 2 r the magnetic pole number ratio is 2:1 . In this construction, 
if the permanent magnets are magnetically replaced by an equivalent coil, a magnetic flux density B 1 generated by 
the outer magnets is expressed by the following equation (21). 



JO 



35 



45 



so 



5S 



B t = em r s/n(2(o,-N2B) = [x-lm. r sin(2io 1 -(-2e) (21) 

[01 38] The magnetic flux density B 2 generated in the inner magnets is expressed by equation (22) which is equivalent 
to the aquation (2) 

i . 

B 2 - Bm 2 sin{t» 2 -t+a-Q) = \i- lm- 2 -sin(m g't+a-ft) (22) 

[0139] It may be considered that the coils are arranged as shown in Fig. 9 so as to calculate the magnetic field 
produced by the coils 6 of the stator 2 separately for the outer rotating magnetic fields which rotate the outer rotor 3 
and the inner rotating magnetic fields which rotate the inner rotor 4 

[0140] Magnetic flux densities Bc v Bc 2 of the outer coils and inner coils are expressed by the following equations 
(23), (24). 

Bc^tt-n- jtoaf f) . sin 28 + lcb(t ) ■ sin^26 - ^~ j + lcc(t ) ■ sin^29 - ^ j j (23) 
ec 2 = // • n • |/cdf t) • sin 6 + lce(t)- sin[e - ~~ J + lcf(t ) - sin^e - ~ jj (24) 

where, bd(t), fce(t), lcf(t) are also currents which are different in phase by 120 degrees as in the case of lca{t), 
icb(t), lcc(t). 

[0141] Next, the change of magnetic flux density B v B 2 , Bc p Bc 2 mentioned above will be described referring to 



EP 0 945 965 A2 



Figs, 10A - 10D. 

[0142] The magnetic flux density Bat an angle _ is the sum of the aforesaid four magnetic flux densities 



w 



5 




(25) 



[0143] Here, if the total torque acting on the outer rotor 3 is x v the following equation holds, 

where, r f = distance to outer magnets from center axis of outer rotor. 
[0144] in the construction of Fig. 9, unlike the case of Fig. 7, the torques exerted on each of the outer magnets m. 7 
are not symmetrical, Therefore the force f 1 is considered to be a total force acting on each of four equivalent direct 
currents that correspond to the outer magnets m v This relation is expressed by the following equation. 



2S 



f l = fm i' B W+ fm t' B 20 mim l' 8 30- ,m t- B - 



40 



where, 



30 



B !0 is magnetic flux density B at B = o> r /, 

So 0 ts magnetic flux density Sat 

B 30 \$ (magnetic flux density Sat in .0 - co, -f-Hc/2, and 

B 40 is magnetic flux density Sat 6 = to y -t+3id2. 



35 



[0145] Therefore, the above equation can be rewritten as follows. 



40 



45 



50 



55 
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f r = fi-lm r Im r sin(2o) 1 t~2w 1 ■ *) + Im f s/n(2w f t - 2o) r t ~ 2k) 

- im r s/n(2<y, •t -2a> 1 -t-z)- lm, sin(2oo, ■t-2co J • f + 3/r) 
+ /m^- sin(co 2 * f + a - <u f • t) + lm 2 > sin(m 2 ■ t + a - cy, • f + /r) 

- //?v s/nj^rxr, • f + a - a>, * t + j j- /nv s/n^G^ ■ f + a - co 1 - f + ~ j 
4- n ■ j/ca(f ) sin(2(o t • 0 + /cfe(f ) • s/n^2<y, ; t - — j + /cc(f) • s//^2<y, • / - 
+rt • j/ca(f ) ■ sin(2ca, • r + 2/r) + tab(f ) ■ s/n^2<y, • f + 2k - ~ 



+/cc(f ) ■ s/n • f + 2k - 



4/r 



-n ■ j/ca(f ) - sin(2co, ■ t + rt) + lcb{t) • s//^2ry, • / + ~ j+/cc(f ) • s/n^2w ? • f 
-n • |/ca(f) ■ sin(2co, • f + /r) + /cb(f) • $in^2a) r • t + ^ j+/cc(r)- s/n^2co, ■ f 



+n • j lcd(t) sin(a)j + + Ice(t) • s/nf (D^t + n- 



2k 



+lcf{t)sin{u r t + K-~^ \ 



i *(*\ ■ ( K 4k 

" ' \ 2 3 



-n * j/cd(f ) ■ sin^co 1 • t + ^ j + /ce(f ) • s/nj^ ■ t +• 



/ //*\ • ( , 3k 4k 



3k 2 k 
~2 3~ 



2k 



= 4n tm r ri' |/ca(f ) • $in{2a> 1 • t) + /c£>(f) • s/nj^2a> r • t - ^ 
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[01.46] Equation (26) shows that the torque acting on the outer magnets m 1 due to the exciting currents of the coils 
h, b, ccan be controlled, and that it is not affected by the exciting currents of the coils d, e, f 
[0147] Next, if the torque acting on the inner rotor 4 is To, the following equation holds. 



x 2 ~ f 2 -r 2 



where, r 2 - distance to inner magnets m 2 from center shaft of an inner rotor. 
[0148] The torques acting on the inner magnets m 2 ot the inner rotor 4 are not symmetrical. Therefore, the force f s 
10 is considered to be a total force acting on each of two equivalent direct currents that correspond to the inner magnets. 
This relation is expressed by the following equation, 



f 2 = (m 2 -B f0Q - Im 2 >B 200 



where, 



B 100 is magnetic flux density 8 when 8 = to^f + a, and 
B 200 is magnetic flux density B when 8 = co 2 -r + rc + a. 

[0149] Therefore, the above equation may be- rewritten as follows. 



25 



30 



Im, ■ sin(2a), • t - 2co 2 •t-2a)-lm 1 - sin{2<o 1 ■ t - 2co 2 t -2a- 2n\ 



-+■ lm r sin(2(D 3 -t + 2a- 2co 2 ■ t ~ 2a) - im 2 sin(2co 2 ■ f + 2a - 2u) s ■t-2a-2x) 
+n {lca(t) • sin(2co 2 t + 2a) + lcb(t) sin\ 2a) 2 t + 2a-~ 



35 



40 



+/|c(f ) • sin[2o) 2 • f + 2a - ~ j j - n . {/ ca (f) * sin(2co, • t + 2k .+ 2a] 
+lcb{t) • s//^2g> 2 t + 2/r + 2a - ~~ j + fcc(f ) - s/n^2fl>* - f + ^ + 2a - ~ jj 
+n • j/ccf(f ) • s/n(<w 2 • t + a) + /ce(*) • s/n^ • f + a - ^ j + /<?/(/) * s^a* t + a-~ 
-n j/cc/(f ) ■ sin(a) 2 -t + K + a) + lce{t) ■ sin^co 2 -t + n + a- ~ 
+lcf(t) * $in^co 2 t + /r + a - 



2/u lm 2 n- \^lcd(t) • s/n(a^ - r + a) + /ce(f) ■ s/nj^ • f + a - ~ j 



55 



(27) 



[0150] According to the equation (27), the torque acting on the inner magnets rr^ due to the excitation currents of 
the coils d, e, f can be controlled, and the torque acting on the inner magnets m 2 is not affected by the excitation 
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currents of the coils a, b, c. 

(2-2) When the outer rotating magnetic fields are applied 

[0151] Currents wjth a phase difference of ji with respect to the rotation position of the outer magnets m 1 are passed 
through the coifs a, b, c. In order to generate the above currents, the alternating currents ica(t), lcb(t), icc(t) mentioned 
above may be defined by ihe following equations. 



Hca(t) = ic-cos(2(.o 1 -t-2^) 



(28A) 




(28B) 




(28C) 



[0152] Next, (28A)-(28C) are substituted in equations (26) (27) to calculate f r 



f, ^=4{i* lm, n- IcA cos(2o) f • f - 2p) ■ sin(2co r • t) 



+ cod 20), t -2(3 



3 



sin\ 2co f ■ t 



2n 
3 




[0153] Here, the above equation may be rewritten as the following equation (29) using the formula 



cos{ay sin(b) - - -{s/'n(a + b) - sin{a - b)}. 



EP 0 945 965 A2 



/j = 4\x lm, n lc 



1. {sin(2co, t-2(3 + 2co, t) - sin{2co, t-2fi- 2m f t)} 



1 I ( 2k „ ZK 

+ ±.\sin\2o),t-2P- — + 2co,t-~ 

^^2^-2(5-^-2^^^ 



2k 



+ - ■ \slrl\2a), t -2(5 -^- + 2a),t 
2 \ \ 3 



3 J) 
4k 

T 



-sin{2a> 1 t-2(5-~-2(o r t + ~^ 

/ 4k\ 

- 2 ii tm r n • Ic • {sin{4co, : f ~ 2/3) + sin 2(5 + sin\4<o, -t-2p- — J.+ s/n 2/? 
+ s/^4o), • f - 2/3 - ^ + s/n 2/3 j 

f 4/r 

= 2ti-lm r n-lc- {sin(4o) t ■ t - 2/3).+ s/nl 4<a, • f - 2/3 - — 

+ s/^4a),-r-2/j-yj + 3s/n2/3| 
= 6jnim r nlcsin2p 



(29) 



[0154] Equation (29) shows that the torque acting on the outer magnet m f varies according to the phase difference 
|i Therefore, the rotation position of the outer magnets m, should be measured and excitation currents shifted in phase 
by p should be applied to the coils a, b, c. 1 

(2-3) When the inner rotating magnetic fields are applied 

[0155] Currents with a phase difference of y with respect to the rotation position of the inner magnets m 2 are passed 
through the coils d, e, f. ■ 
[0156] In order to generate the above currents, the alternating currents lcd(t). Ice (f), lcf(t) mentioned above may be 

defined by the following equations. 



icd(t) = lc-cos{co 2 -t-y) 



(30A) 



( 2K 

lce(t) = Ic • cos a) 2 • t - r - — 



(30B) 



4k 

lcf(t) « Ic ■ cos\ ca 2 t~y- — 



(30C) 



[0157] Next, (30A) - (30C) are substituted in equations (27) to calculate f 2 . 
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10 



f 2 = 2fu ■ Im 2 ■ n ■ j/c ■ cos(co 2 • t - y) • sin(a) 2 • f + a) 
-v\c ■ cos^o);, t - y - 



2rt\ . f , 2* 
s/n a;, f + a 



[0158] Here, the above equation may be rewritten using the formula 



15 



co$(a)>s!n(b) - *^.-{sin{a + b) - sin{a - b)} 



f 2 = 2p lm 2 n Ic 



~ • [s/n(a> 2 • t - 7 + g> 2 ■ t + a) - s/n(a> 2 • f - y - ^ ■ f - a)} 



2 \ { 2 r 3 2 3 



{ 2 r 3 2 3 



35 



40 



1_ 

2 



+ ■ \sin^o) 2 t -y ~~ + w ^t + a-~ 



~ $tn\aj 2 - f - y - — -a z -t~a + ~ 



~ /ulm 2 n Ic- ]sin(2co 2 t - y + a) + s/n(y + a) + - / - y ~ — + 

+ s//7(y + a) + s/n^^ • f - y - ~ + a j + s/n(y + a)| 



a 



4n 



so 



- fi'lm^n-fc- ^sin(2a) 2 • f - y + a) + s/nj <2a> 2 • r - y - — + a 

i^2o) 2 >t-y- — 
= 3julm 2 nlc- sin(y + a) 



■f s/n|^2^2 -/-y- — -faj + 3 s/o(y + a) 



(31) 



[0159] Equation (31 ) shows that the torque acting on the inner magnet m 2 varies according to the phase difference 
(y+a). 

[0160] Therefore, the rotation position of the inner magnets m 2 should be measured and excitation currents shifted 
55 in phase by (y+oc) should be applied to the coils d, e, f. 
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(2-4) Summary 

[0161] Equation (29) shows that when currents are passed through the coiis 6 of the stator 2 in synchronism with 
the outer magnets m h a rotational torque acts only the outer magnets m } . 
5 [01 62] Equation (31 ) shows that when currents are passed through the cotls 6 in synchronism with the outer magnets 
m 2 > a rotational torque acts only the outer magnets m 2 . 

[0163] Although the calculations are not shown, when a current synchronized with the rotation of the outer magnets 
' and a current synchronized with the rotation of the inner magnets are passed together through the coils 6, rotational 
torques corresponding to the respective currents act on the outer and inner magnets as in the case where the magnetic 

10 pole number ratio is 2:1, as described in (1-4). 

[0164] This fact shows that also in the case where the magnetic pole number ratio is 2:1 , the two rotors 3, 4 can be 
driven as a generator /motor using the coils 6, - 
[0165] in this case, as only constant terms remain, there is no fluctuation of rotation torque of the inner roior 4 due 
to the effect of the outer rotor 3 or the rotational magnetic field produced to drive the outer rotor 3, and conversely, 

'5 there is no fluctuation of rotation torque of the outer rotor 3 due to the effect of the inner rotor 4 or the rotational magnetic 
field produced to drive the inner rotor 4. 

[0166] In other words, when the magnetic pole number ratio is 2:1 , both rotors can be dnven with a constant rotation, 
without adding an amplitude modulation to eliminate torque fluctuation as when the magnetic pole number ratio is 1 : 
t , or as described later, 3:1. 

20 

(2-5) Setting of cm ronts flowing through statoi coil 

[0167] In Fig. 9. a series of coils a, c, b for generating the outer rotating magnetic fields and.another series of coils 
d, f, e for generating the inner rotating magnetic fields are assumed for the purpose of theoretical calculation. 
2S [0168] In tho real motor/generator according to this invention, these coifs aro integrated as shown in Fig. 11. specif- 
ically, the coils a and d, b and/, cand e, a and d, band f, and cand o in Fig. 9 are respect ivoly integrated to coils ill , 
K3, #5, f*7, #9, #11 The composite currents /, - /^passed through the coils #1 -#12 in Fig. 11 are therefore set as 
follows due to their relation to the currents passed through the coils a, c, b and d, f,o\n Fig. 9. 



30 



i } = la +ld 



l 2 = Ic 



l 3 = lb + If 



l 4 ~ la 



l 5 = fc + l& 



55 



.= lb 



\ 7 - la + id 



/ fl = to 



Ig = It + If 



ho = j 3 
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/ n = Ic + fe 



l^ib 



[0169] In this case, the load on the coils through which the currents l h / 5 , / 5 , / 7 , / 77 are passed is greater than that 
of the remaining coils through which the currents l 2t l 4 , 1$, fe, /?o are passed. Therefore, it is considered to spread the 
load among the remaining coiis in order to form the inner rotating magnetic fields. 

w [0170] For example, comparing Fig. 2 and Fig. 1 , the coils in Fig. 2 corresponding to 1 , _1 , 2, 2 in Fig. 1 are the outer 
coils a, a, c, c and the inner coils d,d. In this case, it is assumed that the position of the coils d, d is shifted to a position 
that is equidistant'from the coil a, a and the coil c, c. These shifted coiis are designated as coils d\ d\ 
[0171] Half of the current Id passed through the coil cf'is assigned to each of the coils a and c, and half of the current 
Id passed through the coil <f is assigned to each of the coiis a and c. Similarly coils e\ e[ and f,£ are assumed and 

is the currents passing through these coils are allocated in a similar manner. 
[0172] In this way, the following alternative current settings are possible: 

i^la + ^-ld' 



20 



l s =lc + l -id' 



/„= tb + I If 



25 3 " 2 - 



/i= /a +l<tf 



35 



2 - 



/ 5 = tc + - 2 -le' 



/-= lb + t, -io' 
6 2 



/ 7 = la + ^ldT 



t 9 =lb + l'tf 



50 



[0173] Alternatively, the following settings are possible 

55 



l 1 - la +// 
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1 3 -■ lb f liii 

1 4 = la + liv 

l s = /c + /v 

/ e = to +/W 

/ 7 = /a WW/ 
/ a = fc WW/7 

i 9 = to ■+- //x 
/, 0 = fa \1X 
/„ = /c WX/ 

1 12 - !P + /x " 

[0174] The currents // - ixii which are the second terms on the right-hand side of the above equations for setting / 7 - 
l 12 , comprise a twelve-phase alternating current as shown in Fig. 12A, 1 2B. The inner rotating magnetic fields may be 
formed by this twelve-phase alternating current. 

(2-6) When the inner rotating magnetic fields are supplied by twelve-phase alternating current 
(2-6-1 ) Magnetic flux density Bc s 

[0175] The magnetic flux density 8c 2 when the inner rotating magnetic fields are supplied by a twelve-phase alter- 
nating current is expressed by the following equation (32), 



Bc 2 ^jin- j/c/Y* ) ■ sin 9 + lcii(t ) • sin^O - ~~ j + iciii(t) ■ sin^d - ~~ 

+lciv(t ) • sin^O - ~~ j + lcv(t ) • sin(^d - |j j + lcvi(t)- sin^O - ~ j 
+lcvii(t) sin\G - + lcviii(t) • sirid - 1 -^-\ + lcix(t)> sin\d - ^ 



+/cxa; s/h(e - ~ j + lcxi(t ) • s/njfl - + /<ar///f ; ■ - ~ jj (32) 
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[0176] The total magnetic (lux density 8 is expressed by the following equation 



ro 



15 



20 



B = B 1 +B 2 +Bc, + Bc a 
= ^ • lm,-sin{2(o, t-28) +-ja ■ lm g - sin(o 2 -t + a-0) + H-n- j/ca(f ) ■ sin 26 

tlcb{t) ■ sin^20 - ~ J+ lcc(t) ■ sin^2d - ^ jj + m ■ n ■ |/c/(f ) ■ sin 6 
+lcii{t) ■ sin\d - ~ j + iciii(i) - sin^Q - ~jj + lciv(t) ■ sin^9 - ~ j 
Wcv(0 ■ sin(d -~Y lcvi{t) ■ sin(o - ^ ) + lcvii(t) ■ sin[e - 
+lcviii{t) ■ sin^O - ^j- j + lcix(t) sin^d - J + fcx(t) sinf^O - 



1_8k_ 
12 



+/cx/(f ) s/n^ - ^ j + fcx/Y(r) ■ sin^d - — - jj (33) 



f 1 is calculated by tho following equation. 



30 where, 

S 70 is magnetic flux density 8 at 9 = co r f, 
£? 20 is magnetic flux density Sat 0 = io r t+n, 
B 30 Is I magnetic flux density B at 9 = <o r f+ and 
35 B 40 is magnetic flux density 8 at 9 = co 7 *f+ 3t^2 . J 

[0177] Therefore, the above equation can be rewritten as follows. 



40 



45 



so 



f,~l±> /m,- [/m r . sin(2co 1 ■ t - 2a) f • t) + //r? r • s//7(2^ r • f - 2g>, ■ t - 2/r) 

- lm f sin{2a) 1 • f - - t-rf-lm,- sin{2o> 1 • t - 2co ) * t - 3fc) 
+ //T? ? - sin(co 2 t + a - <w, • f ) + /nr,- sin(a) 2 t ^a-co^t -k) 

- Im 2 sin^a) 2 t ^ a - co 1 t - j - lm 2 sin^u) 2 t + a-Q) r t - j 



■ |/ca(f) - s/n(2a>, • 0 + /cb(f ) ■ s/n^2a), ■ f - ~ j + /cc(f ) * s/n^2a), ■ f - ^ j J 



55 



EP 0 946 965 A2 



+ n-|/ca(f)-s/n(2fl) I t + 2k) + /cb(0 ■ s/n^2a), ■/ + 2k - — 
+/cc(0 ■ s/n^2fi>, ■ / + 2* - ~ j j 
-n ■ i /ca(f ) ■ s/n(2fi), • f + /r) + tab(f ) ■ s/n 2co r t + 



•hlcc(t) sin\ 2co, - t + 2n 



-n • | ica(fj s/n(2(u T ■ f + /r) + /c6(f ) ■ s/n( ■ f + - 



+/cc(0 ■ sin\ 2a), -t + 2x-- 



lci(t) ■ \ sinfa, - f ) + s/n(ro, ■ t + tt) - s/n ■ ■ f + 



3;r 

a). • t + — 
' 2 



+n 



?JL ) + sini co, t- ~ + it)- sinlco, t - |£ + * 



sin 



( t 2n 3k\\ 

\q) -t + — > 

1 ' 12 2 



+ lciii(t) ■ | sin{co, • f - ~) + s/nf ■ f - ^ + /r ] - s/n(o V f - + § ^ 



' f 4/r 3;r 

- sin] co, t -■— 
V 72 2 



+ te/V(f ) - 1 s/n( o», • / - f| ) + s/nL • f - ^| + * ) - «n[ «, t - ~ + | ) 



, 6/r 3/r 
_ s;n ,^. f __ + T 



-lcv(t ) ■ [sirl^o, ■ t - 1| j + s/n^fl), ■ f - y| + * ] - s/n(<», • / ■ 



8/r 



( 8k 3k 



+lwi(t)-\sidQ) r t-—\ + sirya r t- — + aJ-siryu^ t 12 + 2 



. ( 10k 3k 

- sin\ co, t + — 

I 12 2 



f /" 12w\ ( 12n \ ( 12k I 

+lcvii(t ) ■ j s/n( co, t - -jj J + s/n| o>, f - — + ^ J - s/n^ o>, ■ f - — + : 
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w 



15 



20 



25 



30 



35 



40 



- sin 



( , 12k 3k\\ 
lcviii(t). js,n^, -t~y sin{a>, ■ ' - + * ) " ^ ' f ~ IF + 



74/r 3/r 

+/c/x^j |s/n^, f-^j 
/ 16k 3k\ 

f f 78tt 



+ s/'n Co, • f 



4- sirl^co, t- 1 -~- + nrj- sin^co, ■ t 



12 2 



18k Tt_ 
12 + 2 



- s/n to, t - 



18k 3n\) 



12 



22k 



+lcxii(t ) \ sm\ a), ■ t - -jj- ] + sin\ co, t- 



22k 
12 



22k 3k 
- sin\ cv, t- + — 



= 4/u n lm,- l^fca(t)- sin{2co, ■ t) + lcb( t) ■ sin^co, t - 3 



( 22k k 

+ k\- sin\ (0,-t- -jg- + - 



2k 



( 4k 
+lcc(t) sin\ 2<o,-t-~ 



(34) 



45 [0178] Th,s is the same as equation (26) where the ,nner rotating magnetic fields are produced by a three-phase 

alternating current. 

[0179] Also, f 2 is calculated by the following equation. 



so 



f 2 = im 2 .B 100 - im 2 S 200 



where, 



B 100 \S magnetic flux density Sat 0 = co 2 -f+a, and 
55 B 200 is magnetic flux density Bat 6 - w 2 -f + * + <*. 



[01 



80] Therefore, the above equation can be rewritten as follows. 
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/m,- s/h(2.(B, t-2to 2 t- 2a) - lm, sin{2co, ■ t - 2a) 2 t-2a-2rt) 



+ lm 2 sin{2o) 2 t + 2a- 2co 2 t - 2a) 

- Im s sin(2o) 2 t + 2a- 2co 2 -t-2a-2n) 

+n ■\lca(t)- sin{2m g t + 2a) + lcb(t) ■ sin^2co 2 ■ t + 2a - ~j 



Wcc(f) sin\ 2co 2 t+2a - - — JJ- 



n {lca(t)- sin{2(o 2 • t + 2k + 2a) + lcb{t) sin( 2a> 2 t + 2k + 2a - ^ j 



+lcc{t) • sin\ 2co 2 t + 2n + 2a- 



4k 



+n 



lci(t) ■ {sin(oi z -t + a)- sin{co 2 ■ t + x + a)} 



2n\ ( 2n 
1 s/'nl fi)/ / + ^ + « 



+ a 



+lcii(t) ■ I s/r^a);, t + a - — 
+/c/7/(0 • js/nj^ • f + a - j - sin^co, -t + rc 
+lciv{t) • | sin{ co, - t + a - ~ ) - sUco 2 t + K + a - 



12 

4n_ 
12 



12 
8k 



8k 



+/cv(0 • js/n^<u ? t + a- — j-s/ry», t+K+a- — 
+lcvi{t) ■ \sin{^(o 2 t + a- - sin(o) 2 -t + K + a- j 



f ( 12n\ . f 12 *)\ 

+lcvii(t) ■ sin\ co 2 t + a- — I - sin\a> z t + n + a- — ^ 

f ( 14jz \ 
+lcviii(t) ■ < s/'nl <w ? • f + a - -^y I 

+/c/x(f ) js/nf <y 2 • f + a - j - * « 



- s/'n a.-t + K + a- 



16k ^ sin\ co, t + K + a- 



14k 
12 
16k 



+lcx(t) ■ js/n(^ ? t + a- j - s/nj^ • f + tt + a - ^y jj 



+/cx/(f ) • j s/nl <u ? • f + a - -^j- J - sin^ »,-f + ir + a-— J 



20 *Vs/n( 
+/cx//(f ) • I s/nl « 2 • t + a ~ z ^r)- s/n ( (U 



22k\ . ( t 22n\\ 
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f ( 27t 

= 2n-lm g -n- lici(t)- sin(co 2 t + a) + lcii(t) ■ sin\ co 2 t + a- ^ 

( 4k\ ( 

+lciii(t) ■ sin\ co 2 t + a - — J + lciv(t) - sin\^o 2 t + ce ~J^ / 

( 8k\ ( 107t 

+lcv{t) • s/nl co 2 ■ t + a - — J + lcvi(t) ■ sin\ co 2 ■ t + a - — 



+lcvii(t) ■ sin\ ah, t + a 



12k 



( 14k 
lcviii(t) ■ sin\ o) 2 t + a- -j^- 



+lcix(t) ■ sin\ co 2 



t + a- + /c *(0 sin^Og t + a- 



18k 



+lcxi{t) ■ sin 



co, -t + a- ^\ + lcxi(t)sin\ co 2 t + a- 



12 



12 

22k_ 
12 



(35) 



U given by th.s equation (35) is different from t 2 given by equation (27) when the innar rotating magnate «,akJs 
are fo^ed by a'.hree-phase alternating current. Therefore, the following ca,cu,at,on of h when ,he ,nner rotatmg mag- 
netic fields are formed by a twelve-phase alternating current, will be performed. 

(2-6-2) Calculation of ! 2 using twelve-phase alternating current 

[0181] The above-mentioned twelve-phase alternating current /««)- IcxiKD is set by the following equations (36A) - 
(36L). 



Ici(t) = lc 2 {t)cos(oi 2 -t-y) 



(36A) 



lcii(t) = lc 2 {t) ■ cos\ 0) z t-r- — 



2n 



(36B) 



lciii(t) = /c 8 (0 ■ cos\a} 2 t-y - jj^j 



(36C) 



lciv(t) = lc 2 (t) ■ co^co 2 t-y-j^ 

( 8k \ 
lcv(t) =lc 2 {t)'Cos\co 2 t-y-~j 



(36D) 



(36E) 



( 10k\ 
lcvi{t) =lc 2 {t)cos\a) 2 t-y-—j 



(36F) 
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lcvii(t) = lc z {t) ■ cos^o);, t-y- 



12n_ 
12 



(36G) 



lcviii(t) = ICg(t)-coJ^a>g t~y~ 1 ~ 



(36H) 



lcix(t) = lc ? (t ) • cos^cog t-y - 



16k 

12 



(361) 



lcx(t) = /c 2 (0 ■ cos^G)., • f - y - 1 ~ j 



(36J) 



20 



/cx/(0 = /c ? (f) • cosf (o ? t~y - 

\ 12 



(36K) 



25 



3C 



35 



^ 22 tc 

lcxti(t) = /c 2 (0 ■ cosj^ fx^ / - y ~ 



is calculated by substituting equations (36A) - (36L) in equation (35). 



t36L) 



50 



55 
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10 



15 



20 



25 



35 



f 2 =2/i-lm 2 -n- Ic(t) ^cos(co 2 t - y) • sin(co 2 • f + a) 



+ co$\a) 2 - t - y ~ 



2k\ 

72)' 



sin 



2n 

Vzt + a- — 



( 4tt\ ■ ( 4rt ^ 

+ cos oig-t-Y-— \ sin\co 2 t + a- — 



( 6n\ 
+ cos\ avf-y- — 



12 ) 



12) 
6n 

■ sin\ co 2 t + a- — 



+ cos\(i> 2 t-Y-—\sin\ca 2 t + a- — 



+ cos^co 2 t-Y- ■ sin[co 2 ■ f + « 
+ cos{co 2 -t-y- ~j\ ■ sin[a> 2 ■ f + a - 
+ cos^a) 2 t-y - j s//^« 2 f f a 
+ cost co, t-Y- I ■ sin \ a> P -t + a 



12 J V 



+ cos\ 



^Q) 2 t-Y- 1 -^sin^co 2 -t + 

+ cod co, t- Y - ~r ] ■ s/n ( <y 2 f 4 



« — 



r2 ; v 



+ cost a), t-Y -^rl ; s/nf a> 2 ■ f + a ■ 



10k 
12 , 
12k 

12) 
14K ^ 
12 j 

12 , 
18k 
12 
20K S 
12 
22K 
12 



40 



[0182] Here, the above equation may be rewritten using the formula 

cos(a)-sin(b) = l-{sin{a + b) - sin(a - b)}. 



45 



SO 



55 
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2n-lm g -n-lc g (t)' 

+ L . \sin\ co 2 t -y 
2 i V 

1 



| • {sin{ Q > 2 ■ t-y + <o 2 t + a)- sm{a> 3 t~y- g> 2 t - a)} 
4k 



■ + co~ ■ t +■ a - 



12 



2}t] sin\co 2 t-y-j£-w 2 t-cc + j^ 



+ -.\sin[a> 2 t-y-- + co 2 -t+a ^ 



72 

6w 
72 



1 \ ( 8k 
+ -\sin\o) 2 t-y--^ + co 2 t + a 

1 ( 10n , 70tt 

+ - • |s/n^o> 2 ■ t - r - — ■+ co 2 t + a - — 

f row f ^Ott M 

- s/nj^ -t-y- — -co 2 -t-(x*—^ 
1 f C 72*: ■ 72^ 

+ -| S /n^ 2 /-y-— + + « — 
/ 72/r , 727T ^ 



5/r 

t - y o), • r - a + 

' 72 * 



72 



7 f ( 14k t "14a 

( 14k \ 14k 

-sin] co s t-y -co, t-a + 



12 



12 



1 [ ( 16k t 16k) 

+ - js/n^ t-y- 1 - + co 2 t + <x- 7 f ) 

( 16k . 16k 

~sin\ co 2 t-y--—-co, t-a + 



12 



12 



IF) 



1 f ( , 18k . 18k) 
+ \sir\o) S! -t-y- — + (o 2 t + cx 

( 18k . 18n 

-sin\co 2 t-y - —— -co, t-cx + 



12 



12 



1 [ . ( 20k . 20k) 

+ --Mo) l -t-y- — + co 2 -t + a-—j 



-sin\ co 2 t-y--^--co 2 -t 



20k t 20k)\ 
(o, -t-a + — — 



+ --\sir\a> s -t-y- — + co 2 -t + a ^ 



12 )\ 
22k) 

J 



8k} 
12 
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10 



IS 



20 



25 



30 



35 



40 



45 



50 



.( , 22k # 22k V 
-sm\a> 2 -t-yr — -o) 2 ■/-« + — j 



= //tv n ic 2 {t) • ^{s/n(2a> 2 ■ f - y + a) + s/n(y + «)} 
+ 1 |s/n^2a) 2 ■ f - y + a - ~~ j + s/n(y + a)| 
+ 1 js/n^2<w, • f - y + a - + s/n(y + a) J 
+■ 1 js//^2a>, - y + a - ~- j + s/n(y + a) 
+ i js/n^a), . f - y + a - -j- j + s/n(y + a) 

+ 1 j s/nf 2^ ■ f - y + a - ^ j + s/n(y + or) 

24k \ . , , 
t-Y + a --7Z~ | + 5/n(yH-aj 

+-s/n(y + a) 



12 

2&k\ 



4- — {sin\^2co, t ~y + a - — j 
+ ^ js/nj^^ ■ f - y + a - j + s/n(y + a) 



+ _L i s /n| 2a> 2 -t-Y + <z~ ™r) + 5/n (/ + a ) 



51' 



+ 1 1 s/nf 2a>,t-y^a- ?£jf\ + sin{y + a) 



= H-lm 3 -n- lc g (t) ■ \sin{2o> 2 t-y+a) + sin^2co 2 t-y + a-^ 

( 8rc\ ( 12k\ 

+ sin\ 2m s t-y + a- — J + sin^2co z t-y + a- — J 



V / . 20;^ 

+ sin\ 2co 2 t-y + a-—\ + sin\2(0 2 t-Y + a-—J 

28 k} 



( 24k , 

+ s/'n- 2cu, ■ t - y + a - — — + sin 
K >2 



+ $in\ 2co, t-y+a- 



32k 



2co 2 -t-y + cc 
+ sin[ 2co 2 -t-y + a- 



12 J 
36 k 



SB 



k >* - 12 )'~"\—* 1 12 

• sirfco, : t-y + a-^y sinfa . f - r + a - ^] + 72 sin(y + «)] 
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is 



fi lm 2 n- Ic 2 (t)- \sin{2a) 3 t~ 7 + a ) + sin^2a> 2 ■ f - y + a - ^' 
+ sin^2a) ? t~Y + a~~^~sin(2a)^t 

- sin( 2co 2 ■ f - y + a - j+ sin{2co 2 ■ f - y + a) + sin^2co 2 • t - y 4- a - ~ j 



3 

2k 



-sin{2co 2 -t-y +a)-sin\ 2co 2 t ~y + a-- 

o ■ ) ■ ■' ■ \ o 



7t\ 



-sin\ 



2k 



+ 72 s/n(y + a) 



72/i >im 2 n lc 2 (t)sin(y + a) 



(37) 



20 (2-6-3) Summary 

[0183] Comparing equation (37) obtained when the inner rotating magnetic fields are supplied by a twelve-phase 
alternating current with the above-mentioned equation (31) obtained when the inner rotating magnetic fields are sup- 
plied by a three-phase alternating current (31 ), the constant term of equation (37), i.e. , the last term, is four times that 
25 of equation (31). 

[0184] In other words, whon the inner magnet is driven by a twoivo-phase alternating current (//' -Ixii), the drive torque 
obtained is four times that when the inner magnet is driven by a three-phase alternating current. 
[01 85] In other words, the inner magnets drive current required to exert the same drive torque on the inner 'magnets 
m 2< is only one fourth of that when a three-phase alternating current is applied. 



30 



(3) N{2{2pY2p) type 



(3-1) When the magnetic pole number ratio is 3:1 



[0186] Taking a motor/generator of Fig, 13 as an example, the magnetic pole number ratio is 3:1 when the magnetic 
pole number of the outer magnets m 2 is 6 and the magnetic pole number of the inner magnets m 1 is 2. 
[01 87] In this construction, the magnetic flux densities Bf and B 2 generated by the outer and inner permanent mag- 
nets are expressed by the following equations (41), (42). 



B 1 = Bm r sin(3co r -t'3d) ^ \i-lm r sin(3& f t-3§) 



(41) 



so 



B 2 - Bm 2 $in(ii> 2 -Ua-Q) = i±-lm 2 sin((o 2 -t+a-Q) (42) 

[0188] The rotating magnetic fields produced by the coils 6 of the stator 2 are calculated, separately for the outer 
rotor 3 and inner rotor 4. The magnetic flux densities Bc p Bc 2 of the coils 6 relative to the outer magnets m 1 and inner 
magnets m 2 are expressed by the following equations (43), (44). 

Be, - ix - n ■ j/ca(f ) • sin(30) + lcb(t) ■ sin^39 - j + fcc(t) * sin^36 - ~- j J (43) 
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5 



15 



25 



Bc 2 =. pi n |/cd(f ) ■ sin 9 + lce(t) ■ sin^d- j + /cf(f) ■ sin^d - ~ jj (44) 

[01891 The variation of the aforesaid magnetic flux densities B p 8 2 and Be, Bc 2 are shown in Figs. 14A - 14D 
[0190] The total magnetic flux density B is expressed by the following equation. 

B^B, +B 2 + 8c r + Bc 2 

= /; • Im,- sin(3co t - 1 - 36) + j.i lm 2 sin(co ? t + cx-9) + ,u n- |/ca(f ) • sin(36) 

+lcb{t) ■ s/nj' 30 ~ ~~ j + icc(t) • s/n( 39 - ~]| 

+^n- j/cc/(r)s^ (45) 

[0191] Here, iet the torque acting on the outer rotor 3 be x ; . If the force which acts on a semicircle of the outer rotor 
3 is f v the force which then acts on the other semicircle is aisof Therefore, the force acting on the whole circumference 
is 2f p and the torque t, may bo expressed by the following equation 



where, r 1 - distance to outer magnets from center axis of outer rotor. 
30 [0192] As three equivalent direct currents are formed for one semicircle, f 1 is given by the following equation. 



f, = lm r B 1QO0 + lm r B 20OO - lm f B 



3000 



35 where, 



B 1000 is magnetic flux density B at = io r t, 

B 2 ooo [S 1 magnetic flux density Bat 9 = io r t + 2rc/3, and 

B3000 is magnetic flux density Hat 6 = & r t+n/3. 

40 

[0193] Therefore, the above equation can be rewritten as follows. 



45 



SO 
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10 



20 



fj = ju- Iff),.- lm t s/>?(3&>, • t - 3co, t) +■ Im, sin{3o), t - 3co f t - 2n) 
- Im, - sinfico, • t - 3<x) 1 t - /r) + /nr,- sin(n) 2 t + a- co r t) 

+ lm 2 > sin{^co 2 t ±a ~a> r t - - '^V s/n^a^ ■ f + a - -a), - J - ^> 



+n-\ lca(t) - s/n(3<u, ■ f- + 2/r) + /cto(f) • s/n| 3m, - t + 2n:- — 
{ v 3 

4n 



2k\ 



-n ■ |/ca(0 sin(3o), f + /r) + lcb(t)-$in\ Sco, <? + ;r - — \ + lcc(t) ■ s/nj 3a;, ■ t + /r- 



3 y 



4/r 



40 
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4k 



+n ■ |/cd(0 ■ sin(co, ■ t) + lce(t) • sin^co, t - ~- j + lcf{t) ■ s/n[ a), t-~~ j 
+n ■ |/cd(f) ■ s/n^o, • t + ^ j + lce(t) ■ sin^co, X + ~J~~^ 
+lc({t)sm\co,t + — - — 



-n \lcd{t) ■ sin^o, -t + 1|+ lce{t)- sin^ea, ■ t + | - ~ j + 'c/(f ) • s/n^fl>, ■ r+ 1 - y- 



^ • /m, {n |/ca(0 s/h(3<y, f) + '/cb(f ) • s/n[ 3u), f - ~ j + /cc(f) • sin^3a), 
+n ■ j/ca(f) • sm(3co, ■ f) + lcb(t) ■ sir^3a), ■ t - ^ j + 1cc(t ) • s/n^3ra, • f - ~jj 
+n ■ \lca{t) ■ sin(3w, • f) + /ob(0 • s/nf 3o),t - ~1 + /cc(r) • s/nj^a;, ■ f - y 



r 



+n • j lcd{t)- s/n(<u, • r) + /ce(f ) • s/n(a, ■ t - ^ j + /c, X r ) ' s//7 ( <y ' ' ' ~ "J") 



2k 



+n ■ \lcd{t) ■ sin[u>, ■ t + j + lce{t) ■ sin(co, • f ) + lcf(t) ■ sin^w,- 
+n ■ llcd{t) ■ sin^co, ■ t + — ^ + lce{t) sin^o), ■ f + ^ j + lcf(t) ■ sin((n, ■ f)J 



= n n lm, 



3 ■ { lca(t) ■ sin(3co, t) + lcb{t) ■ sini 3o), -t-^U lcc(t) • sini 3m, t-^- 



4k* 



+lcd(t) sin(o), ■ t) + icd{t)- sin\ to, - / + ~ j + lcd{t) sin^co, t + ~- j + lce(t) ■ sin(o), ■ t) 



4k 



+/ce(f) • sinlco, • t + ^ J + lce(t) ■ sinloo, + + /c/r (0 " s/n ( <u ' 0 



4^: 



+lcf(t) ■ sinlco, ■ t + — J + /c^(f ) • s/n^cu, • f + — 
3/n-lm r n- |/ca(f) ■ sin(3co, ■ t) + lcb(t) ■ sin^3co, t ^ ^ 



4k 



2k 



+lcc(t) ■ sin^3o), ■ t - 



4k 
~3 



(46) 



[0194] Equation (46) shows that when the magnetic flux density of the outer magnets m, is approximated to a sine 
wave, the torque acting on the outer magnets m 1 can bo controlled by the exciting currents of the coils a, £>, c. 
[01 95] It also shows that the torque acting on the outer magnets m, is not affected by the excitation currents of the 
coiis d, e, f. 

[0196] Here, let the torque acting on the inner rotor 4 be t 2 . If the force which acts on a semicircle of the inner rotor 
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4 ts f 2 Iho torcc whtch inon nets the other semicircle is also f 2 . Therefore, the force acting on the whole circumference 
is 2t 2 anrl iho torquo m^y 'bo expressed by the following equation. 

r 2 =2f 2 -r 2 

where r 2 = distance from center axis of inner rotor 4 to inner magnets m 2 . 
[0197] Here the force f 2 is a drive force which an equivalent direct current fm 2 generates in a magnetic field of 
magnetic flux density B As an equivalent direct current is formed for each semicircle, f 2 is given by the following 

■o equation 

is where h ~ uwff(/ 

[0198] From this equation and equation (45), f 2 may be expressed by the following equation (47). 



30 



lm, sin{3co, t—3o) Q t - 3a) + fi-lm 3 - sin(co 2 t +a - oj 2 t - a) 

2k 



f 2 = ju- lm s 

+ n {/ca(f ) sin(3(o 2 • f + 3a) + lcb(t) ■ sin\ 3co 2 *t + 3a 



+/cc(t)-sin\ 3w 2 t + 3a - — jj> 



4/r\j 
3 



+n< lcd{ t ) sin( a) 2 ■ t + a) + /ce(f) • s/n[ co 2 < 1 + a - — j + /cf (f ) ■ s/n^ ■ I + a - 



35 



4<? 



45 



2n 
3 



lm f sin{3(co f ~co 2 )t-3a} * 
+n - |/ca(0 • sin(3m 3 ■ / + 3a) + ) • sin^3a> 2 t + 3a- 
+tcc{t) • s/n^c^ f + 3a - + n • |/cd(f) • s/r?(^ • t + or) 
+/ce(0 • s/n ^ • f + a - ^ j + lcf(t) • s/nj^ - 1 + a - — j j 



(47) 



[0199] The second term in equation (47) shows that the torque acting on the inner magnets m 2 is evidently affected 
by the exciting currents of the coils a, b, cfor the outer magnets m t . However, this is an apparent effect, and there is 
so actually no effect due to the following reason. 

[0200] If the positions of the outer magnets m 1 are - o)ft+n/6 t $ 2 ~ <.0ft + 5n/6, <t> 3 = co r f + 9k/6 respectively, the 
magnetic flux density B 1 of the outer magnets m 1 at a rotation angle 9 may be expressed by the following equation. 
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lie 



+ cos <y, ■ t + 0 

I 6 



+ COS GJ.-t + — ' " ^ 

1 6 



70 



[0201] This shows that the magnetic poles formed at 1 20 degree intervals cancel the magnetic force. In other words, 
the magnetic polo number of Ihe outer magnets m 1 has no effect on the inner magnets m 2 . Similarly, the magnetic flux, 
density produced by the outer coil is also 0 in total. Therefore, the drive force f 2 is as follows. 



f» = U -//TV 



2n 



n ■ {lcd(t) • sin(co 2 • /> or ) + /ce(f ) • s/nj^ ■ t + a - ~ 



20 



2S 



+lcf(t) - sir^a>2 ■ f + a - ^ j| 



(48) 



(3-2) When both the outer rotating magnetic fiefds and inner rotating magnetic fields aro supplied 

[0202] The alternating currents lca(t), tcb(i), fcc(t) and alternating currents lcd{t), lce(t)Jcf(t) are expressed by the 
oo following equations 



lca{t) ■ = /c, -005(3(0 5(5) 



(49A) 



lcb(t) = /C, ■ COS 3<y ; - f - 3/3 



(49B) 



40 



(49C) 



/cd(0 == fc 2 (t)<cos((.o 2 -t - y) 



(50A) 



50 



Ice(t) = /c,(f) - cos^ • t - y - 



(50B) 



(50C) 



55 



[0203] In equations (50A) - (50C), to permit amplitude modulation, the current is assumed to be fc 2 (X) which is a 
function of time t. 

[0204] f p f 2 are calculated by substituting equations (49A) - (49C) in equation (46), and substituting equations (49A) 



EP 0 945 965 A2 



(49C) and (50A) - (50C) in equation (47). 



/, =3 ii Im^n lc,- |cos(3'fi) ( t-3(5)- $in(3co, ■ t) 
f, = 3fi ■ lm r n ■ Ic, • jcos(3<y, • t - 3p)- s/n(3<y, • t) 



+ cos| 3(0, t- 3/3 - j • sin^3(o, ■ t ■ 



2n_ 
3 

3 



[0205] Here the above equation may be rewritten using the formula 

cos(a)-sin(b) = - -{sin(a + b) - sin(a - to)). 



/. = 3 /j. Im, n lc, 



— {sin(3co, t-3p + 3(D, t) - sin(3(o,t -3 [5- 3m, t)\ 



+ - • \sin{ 3o), .i-3fi- — + 3(o 1 -t-—\- sin( 3co, ■ t - 3(5- ~-3(o,t + 



1 ' ' f 3(0, -t- 30- — + 3m, ■ t - ^ j - sinho), ■ t - 30 - ~ - 3<u, ■ f + g } 



4k 



2j£ 
4n\ 



| • /j lm,- n ■ Ic, ■ {sin{6(0, f - 3/3) + sin 3(3 + sir]6a>, f - 3/3 - -j-j + sin 3/3 



+sin{^6co, t-3(3-^p 



+ sin3(i 



2 

+ 3sin3p 



=■ | ^ /m, n Ic, lsin(6a), ■ t - 3p) + sin\6oj, -t-30- j + s/n^cw, ■ f - 3/J -™ 



— ■ /u - lm, n lc,- sin 3/3 
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f 0 = jj lm P 



lm. s/n{3(a>, - co 2 )t - 3a) +n • to, • jc0$(3a>, t - 3p) sin(3co 2 t + 3a) 



+ cos^3co } t-3(5 -~^sin{^3o) 2 - f + 3a- 



+n ■ /c ? (f ) - j cos(a)/- f - y ) ■ sin[co 2 ■ f + a) + cos co 2 t-y 



2k 



■s/n w.-f + a 



-4- COS (D 2 t ~ y 



4n 



sin 



CD. 



[0206] Here ihe above equation may be rewritten using the expression 



C0s(a)-s/'n(&)-= -{s/n(a .+ b) - s/n(a - b)}. 



^ = /i ■ lm ? 



lm,- s/n{3(r/>, - r/^) • f - 3n:} + n ■ /c, - — ■ {s/n(3r/>, ■ f - 3/? + 3a> 3 ■ f + 3a) 
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- sin(3co, t-3p + 3co 2 t- 3a)} + 1 - ■ js/n^i • f - 3/3 - -y- + 3a) 2 t + 3a-~- 



- sinl 3a) v t-3p-~- 3co, ■ t - 3a + — 
V 3 3 

^.\sin(3a, r t-3p-^ + 3co,.t + 3a-?f) 



- stn\ 3co, ■ t - 3p - -— • - 3ca 2 t-3a + — 

3 3 



+nlc 2 (t) 



— {sin(co 2 t-y + (o 2 t + a)- sin{co 2 ■ t - y - o) 2 t - a)} 



+ L.\sin\(o 2 t-y 3 ,.« 2 



2k 



— + a),t + a- ~\ - sin[co 2 t - y - ^ - co 2 t - a — 



+.L . lsin^o) 2 -t -y -^- + co 2 t + a-^- \ - sin\co 2 -t-y 



4jt 



4x\\ 

3 ' ' " 3 ) \: ■ 3 3 
= n lm 2 - Im, sin[3((o,-(o 2 ) t-3a} + ^ n lc r {sin(3w, t + 3o) 2 t- 30 + 3a) 

+ sin^3a>, t + 3(0 2 t - 3p + 3a - j + sin^3a>, t + 3w 2 t-3p + 3a- y j 
-3 sin(3co, t-3(5 + 3to 2 t - 3a)\ + ~ n lc 2 {t) ■ {sin(2co 2 t-y + a) 
+ sin^2co 2 t-y + a- — • j + sini^co,, -t-y + a- ~ j + 3 sin{y + a) 
= j.i\m ? Im, ■ sin{3(ct), -(o 2 )t - 3a] + 1 - n Ic, ■ {sin(3o), ■ t + 3co 2 t-3p + 3a) 
+ sin^3co,t + 3co 2 ■ t 3p + 3a - yj+ sin^Sa, ■ t + 3a) 2 f - 3/? + 3r* - yj 
-3 sin(3co, ■ t - 3p - 3co 2 ■ t - 3a)) + 1 - ■ n lc 2 ( t) ■ {sin(2co 2 ■ t - y + a) 
+ sin^2co 2 t-y + a- y j + sin^2(o 2 t-y + a - y j + 3 sin(y + a) 

l.m 1 -sin{3(a) t -co 2 )t- 3a} - - • n Ic, ■ s/n(3<o, t - 3/3 - 3co 2 -t -3a) 



+ — - n - lc 2 (t) ■ sin(y + a) 



(52) 



[0207] As described with regard to equation (48), f 2 is a constant value when there is no effect of the outer magnets 

m, and outer coils a, c, bas shown by the following equation (53). 



t 2 = y{n-lc 2 (t)<sin(y + a)} 



(53) 
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[0208] Conversely, when there is an effect from the magnetic fietd due to the outer magnets m } and outer coils, if 
lc 2 {t) is set by the following equation (54), ff^C (constant) in the equation (52) and the motor/generator can be driven 
by a constant torque. 

5 

2 C 

~3 — IriT ~ ln h' sin ' 3((o r -m 2 )t - 3a\ + n- lc f *sin{3(» ~ 3|5-3(o 2 -/- 3a) 

lc(t) = -¥^2 : — : : '■ (54) 

2 n-sin (y+a) 

w [0209] tn other words, this means that according to equation (52), some effect of the outer magnets m 1 is generated 
relative to the rotation of the inner magnets rn^when the magnetic pole number ratio is 3:1 . More precisely, a constant 
torque fluctuation based on the phase difference (co r - (.o 2 ) occurs in the rotational torque of the inner magnets m 2 - This 
situation is shown in Figs. 15A - 15C. 

[0210] If a magnetic field is assumed to be rectangular in a model representation, the magnetic force interference 

is between the outer magnets and inner magnets may be cfearly expressed. 

[0211] Comparing state A with state B, as state S is stable, a torque is generated in state A which tends. to shift to 
state B. This torque is an intermittent torque and is generated by a phase> difference (co r • to 2 ). Further, as a perfect 
sine wave canno^ be realized due to the effect of distance between coils, it may be impossible to completely eliminate 
the effect of the outer magnets. The most extreme example of such case is expressed by equation (52). However, a 

20 torque fluctuation can be eliminated in most cases by applying amplitude modulation from equation (54), and the inner 
magnet can bo driven with a constant torque even when the magnetic pole number ratio is 3:1 . 



(0-3) Summary 



25 [0212] According to equations (51), (52), when currents aro passod through tho coils of tho stator 2 in synchronism 
with tho rotations of tho outer magnets m , and inner magnets m 2 , a rotational torque acts on both permanent magnets. 
[0213] it will of course be understood that when currents are passed through the coils of tho stator in synchronism 
with the rotation of the outer magnets m 1t a rotational torque acts only the outer magnets m and when currents are 
passed through the coils of the stator in synchronism with the rotation of the inner magnets m 2 , a rotational torque acts 

30 only the inner magnets m 2 

[0214] This fact shows that also in the case where the magnetic pole number ratio is 3:1 , the two rotors 3, 4 can be 
driven as a generator and a motor using one series of the coils 6. 

(3-4) Current settings 

35 . | " 

[0215] in Fig. 13, one series of coils a, c, bare assumed to generate the outer rotating magnetic fields, and another 
series of coils d, f, eare assumed to generate the inner rotating magnetic fields. 

[0216] In the real motor/generator according to this invention, these coils are integrated as shown in Fig. 16. Spe- 
cifically, the coils a and d, a and f, a and e, a and d, a and f, a and e in Fig. 13 are respectively integrated to coils #1 , 
40 #4, #7, #i, #4 and #7. 

[0217] In view of the construction of Fig. 15, the currents passing through the coils 6 of the stator 2 may be set as 
follows. 



45 



50 



l^iavld 


i 10 = l 1 = Is + Jd 


i 2 ^!c 




! 3 =lb 


112=13 = 1£ 


/ 4 = la +11 




/ 5 = Ic 


lu = Ts=l£ 


l 6 = ]b 




l 7 = la +/e 


i 16 ~]a + te 


l a = ic 




l 9 = lb 


118=19= £ 



[021 8] When the magnetic pole number ratio is 3:1 , an eighteen-phase alternating current is required, but the phase 
is reversed over half the circumference, so a nine-phase alternating current (half of eighteen-phase) may be used. 
[0219] In this case as the load on coils #1 , #4, #7, #1 , #4 and #7 is heavy, it is desirable to use also the remaining 



EP 0 945 965 A2 

coils in order to form the inner rotating magnetic fields. For example, the following current settings are recommended. 



w 



l^la + li 




i 2 =ic + ivi 


} u =i 2 ^ic + /w 


l 3 =lb + Hi 


l 12 =j^ib + _/// 


l 4 ~la + ivii 


l 13 ^l 4 -la+lvii 


/ 5 ~/c + lift 


l 14 =Js-ic + _/w 


l 6 -ib + Mii 


( 15 -]^tb+ Iviii 


tf^Ja +//V 


ijgzi^fa + jiv 


i 8 ~)c + //X 


\ t7 zz\ 8 ^\c +■ //x 


l g =tb + tv 





[0220] The phases of the currents // - //x and ft -_//* for forming the inner rotating magnetic fields are shown in Figs. 
/s 17Aand 17B. 

(3-5) When the inner rotating magnetic fields with nine-phase alternating current are supplied 
(3-5-1) Magnetic flux density Bc 2 

20 

[0221] The magnetic flux density 8c 2 when the inner rotating magnetic fields are produced by nine-phase alternating 
current is expressed by the following equation (55). 



25 



30 



35 



Bc 2 = fj n- |/c/(0 • sin 6 + !cii(t) ■ sin^d- j + /c///(/) • s/nj^ - — 
+/c/V(0 • 9 - — }+ /cv(f ) - s/nf 0 - — U /cw(f) • s/nf e 1 ° K ^ 



| + lcvni(t)- sin 



+lcvii{t) - s/'nf 0 - — - j + lcviii(t) : sini^ 9 - 1— j + /c/x(f ) • s/n^e - g 



(55) 



[0222] The total magnetic flux density B is expressed as follows. 



40 



B = 8, + 8 2 + Be, 4- Be, 



: /; • /m,- sin(3co } ■ t -39) + /u ■ lm 2 sin(o) 2 -t + cx-O)* /u-n- |/ca(f) • sin{30) 
+/cb(f ) - s/n^30 - ^ j + /cc('/)> s/n^30 - ^~ j J + // ■ n • .{/c/(f ) s/n 9 + lcii(t) - s/n^0 - 
+lciii(t) ■ s/n^0 - ^ + fc/V(f)- s/n^0 - ^ j+7cv(f ) • sin^9~ ~ 



2x_ 
9 



50 



55 
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+lcvi(t ) • sin^ 8- 1 -~^j+ icvii(t) sin^e - 1 -~ j + lcviii(t) sin^ 6 
+lcix{t)sin^e- 1 ~~.Ji 



9 



f 1 is calculated by the following equation. 

f r rr lm 1 S W0Q f lm 1 <B 20QO - Im r B 300Q 



where, 

B l000 \s magnetic flux density B at e - to r r, 

B2000 is magnetic flux density Bat e = £o r f+27t/3, and 

#3000 ' s magnetic flux density Bat d = (o r t+7t/3. 

[0223] Therefore, the above equation can be rewritten as follows. 



Im, ■ \sin(3o) 1 ■ t - 3co, ■ t) + sin(3o) 1 - 1 - 3co t ■ / + 2/r) 



~ sin(3co 1 • t - 3co, r + 
-f /m^ ■ |s/n(o> 2 ■ t + a —ci),. • f ) + s/nj^ <y 2 • t + a - a>, • t - 



71 

s/n| co ? t + a - • f - — 



/ca( f >l ■ [sin(3o) r - t) + sin^ca, ■ f + 2/r) - s/n(3o), • f + *)} 

+ /c/?(0; js/n^3<y, • f - ^ j + s//7^3g>, ■ f + 2/r - ^ j - s/n^3o>, • f + /r - ~~ 

( 4/r Y ^ 4/r / 4x 

+\cc{t){\$\n\3o),- f - — j .+ s/nl t + 2x~ — j - s/n^3'6>, ■ f + n - — 

+n * lci(t) ■ js/n(a) t • t) -f s/n^a> T ' + + s/n^aj, ■ f + ~ 



+/c//(f ) • js/n^, • t - ^j^s/nL, • t- |~ + ~ j - sinU, • f - ^ + 1 



+/c/7/(f ) • s/n <y r f - 



4/rl 



. / / 4/r 2/r^ 
+ s/n co ? f ■ + — 
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10 



7 5 



20 



25 



35 



SO 



ss 



+ lav(t ) • js/^fl), • t - + sin^co, -t-^- + ^ j - s/n[(u, ■ ' - ~ + 1)} 
*M0 • • f - f ) + s/n( a), ■ f - ^ + ^ - sin(a>, ■ f - f + § ) 



s/n 



sin\ ( o 1 t~-^- + ~)-sin\ 



., J . f t 12n\ . f 12k 2k) 

+lcvii(t) ■ js/n^<y, t - j + s'n^i ■ t - + — j - 

+/cw//(/ ) ■ \sin[ co, ■ t - ™ j + sin^co, ■ f - ~ + ^ j - s/n^a», ■ f - 

+/cix(f ) js/nf '<w, t - ^ j + sin[(o, t 



( 12k 7t" 



T4/r /r 
9 



1Sn 2tc\ ( 16k k 



/m, ■ | s/n(3o>, ■ f - 3ty r • 0 + sin(3a>, ■ f - 3cw, • f + 2*) 



sin{3ay, t~3co f - t + n:)} 



(-0) 



( 2k 
+ lm 2 -\ sin(a>., ■ f + a - av / ) + s/n ^ ■ f +-a - GV f - — - 



/r 



/ca(r ) • {s/n(3<u, ■ 0 + s/rr(3ftj, ■ r + 2/r) - sin(3cv, t + k)\ 
+lcb(t) ■ \sin^3cu t ■ t - j + sin^3w. t + 2K-^j- sin^Sco, ■ t + re - ~ jj 
+/cc(f ) : js/n^w, ■ f - ^ j + sin^3co, ■ t + 2k - ^ j - s/n| 



4 * 

3w, t + K 

3 



+n 



lci(t) ■ ^sin(a), ■ t) + sin^co, ■ t + ~j - sin^co, ■ t + 1 j 



+lcii(t) ■ {s/nf <a, • t - ~] + Sirica, t -^ + ^\-sirlco,t 



2n n_ 
~9~ + 3 



\ ( 4k\ ( 4k 2k\ . ( .4k k\Y 
+lciii(t) • j sin\ cu f ■ t - .— ] + sin\ a), ■ t - — + — ] - s/n[ a), • f - — + - J j- 



9 3)) 



6x\ ( 6k 2k\ . ( 6k k 
+ lciv(t) ■ \ sin\ cv, ■ t - — J + sm\ a>, ■ t - — + — J - sm^co, t~-J + 3 



(* 0) 



^ 0) 



7= o; 
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+ ,cv(t) ■ Un[co, -t-~y sin^co, ■ t - ^ + ^f] - ' f " T + f 



Wcw/i/) ■ \ sin\ co f t — ^ ]+ S in(a>, t---f- + ~) - sir^w, ■ f - ^ + | 



+ /cw//(0 • ^ s/^o), • t - j + sin^co, t- ^~ + - s/nf <o, • f - ^ + * 



9 3 



f z' tfiff^ t 16k 2k\ . ( ' 76^ /r^l 

+ /c/x(f) • \sir\a>, + shi\a,, t-lf-^^-j- s/n(*, • f - — + - J} 



(=0) 



(= 0) 



(= 0) 



= 3n-n- lm,\lca{t) s/n(3<w, ■ t) + lcb{t) ■ sinl 3o) r ■ t - 



2k 



+lcc(t ) • sini 3(o t ■ t - 



(57) 



[0224] This is the same as equation (46) which is obtained when the inner rotating magnetic fields are supplied by 
a three-phase alternating current 

[0225] On the other hand, / 2 may be calculated as follows 



f 2 = lm 2 B 



where, 9 = <o 2 -f+a. 

[0226] From this equation and equation (56), f 2 may be expressed by the following equation. 



f, - jU- lm 2 



lm r sin(3a), t-3o) 2 t- 3a) + lm 2 sm(oi> 2 - t + a-(o z -t~ cc) 



.+n ■ {lca(t ) ■ sin(3o> 2 -t + 3a) +lcb(t) -sinl 3co 2 t + 3a~ — 



2k 
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+lcc(t) ■ sin^3co ? t + 3a- + n |/c/(f ) : sin(co 2 t + a) 

( 2k\ ( 4k~\ 

+lcii{t) ■ sin\a) 2 ■ t + a - — j + lciii(t) ■ sin]co 2 t + a ~~^~) 

( 6n\ ( 8k*\ 

+lciv(t) - sin\ o) 2 ■ t + a - ~ J + lcv(t) ■ sin\a) 2 -t + a-~. 



( 10k\ ( 12k 

+lcvi(t ) • sin[ (o 2 t + a- J + lcvii(t) ■ sin\(o 2 t + a 



14k 



+lcviii{t) ■ sin\ co 2 t + a- —— + lcix{t)- sin\ (0 2 t + a 



9 
16k 



9 J " \. * 9 

]xlm 2 - [lm, sin(3(o, t-3a) 2 t- 3d) + n- {/ca(f ) • sin(3co 2 t + 3a) 

( 2k \ ( _ 4k 

+lcb(t) ■ sin\ 3oo 2 ■ t + 3a - — - + lcc(t) ■ s/n 3(o 2 t + 3a-~r- 



+n {lci(t) sin((o 2 t + a) +lcii{t) s/nf co 2 t + a 



2k 
9 



+lciii(t) ■ sinl co 2 t + a-^-\+ lciv{t) sin\ o) 2 t + a- 



6k_ 
9 



( 8k\ ( 10k\ 

+lcv(t) ■ s/'nl a) 2 -t + a - — j + lcvi{t) ■ sin]^ a) 2 t + a-—J 



/ 12k\ ( 

+lcvii(t) • sid co 2 t + a- — - I + lcviii(t) ■ sin\v 2 ■ t + a - — 

I 16k \) I f5«i 

+lcix{t)sm\co 2 •/ + «-— ,l [ °°' 

(3-5-2) When the outer rotating magnetic fields and inner rotating magnetic fields are supplied together 

[0227] The three-phase alternating currents lca(t), lcb(t), lcc(t) mentioned above are expressed by the following 
equations (59A), (59B), (59C). 



Ica{\))= /c r cos(3co r -f-3|3) 



(59A) 



lcb{t) = IC, -COS 30), t - 30 - 



2K 



(59B) 



4k 

lcc{t) = Ic, ■ cos[ 3co, t-3p — — 



(59C) 



[022S] The nine-phase alternating currents lci{t)- lcix{t) mentioned above are set as follows. 
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llci(t)- lc 2 (t)-cos(co 2 -t-y) 



lcii{t) = lc 2 (t) ■ cos\o) 2 t-y-~ 



lciii(t) = /c 2 (0 ■ cos^oy, t-Y- 



lciv(t) = lc 2 {t)cos 



(60A) 



(60B) 



( < (60C) 



co 2 t-y-^ (60D) 
2 9 



( , 8k) (60E) 
lcv{t) = lc 2 {t) ■ cos\ a> 2 ■ t - y - — j 

lcvi{t) = lc 2 {t)cos(co 2 t-Y 



V. ' 9 

10n\ (60F) 



12rc\ (60G) 



lcvii(t) = /c ? (f ) • cos[u) 2 t-Y- 

( t 14*') (60H) 

lcviii(t ) = /c ? (t) cos{ oj 2 ■ t - y - — J 

r 4 -/6/cY (601) 
/c/x(f ) - lc 2 (t) • cosl fflj, t-Y-— J 

[02 29] Next, f 3 is calculated by substituting equations (59A) - (59C) and equations (60A) - (601) into equation (58). 
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25 



/m, sin{3w,t-3w 2 -t-3a) 



+n • j/c, • cos{3co, - f - 3/3) ■ sin(3a) 2 t - 3a) 

+/c, ■ cos^, ■ t - 3p - ^] - s/n^a>, ■ f + -3a - 



+/c, cosf 3o, ■ t - 30 - ^ 1 • s/'"( 3<u, • f + 3a - 



2n_ 

3 

4k 



V 3 j V 

+n • j/c 2 (f) cos{(o 2 t-y) sin(co, -t + a] 



+/c ? (0 cos^co, -t-y- ~ j . s/n^fl), f + a- ^ 
+/<V(f ) ■ cos|. co 2 t-y- j • s/h^fi), • / .+ a - ^ j 



/ 6/rY . f . 6k 

+ic 2 (t) ■ coslco; ■ t - y - — J ■ s/n^w, • f + a - — 



30 



o5 



40 



45 



+lc 2 {t) ■ cos^co 2 t-y- ^~ j • s/nj«, ■ f + a - ^ j 
+lc 2 {t)- co$\ co 2 t-y — — J • sin\ co, ■ t + 



a 



,{t)-cos\ 



a) 2 t-y 



12k 

I ■ sin\ 

9 ) { 



9 ) 

( 12K 
co,t + 



a 



9 

14k^ 



+lc 2 (t)cosya) 2 -t-y - 1 -^-j'Sin^co, t + a- ^ ^ 

, v ( 16k \ . ( 16k Y! 

+lc 2 (t) ■ cos\ co 2 t-y- I ■ sin\ co r t + a 



[0230] Here, the above equation may be rewritten using the formula 

cos(a)-sm(b) = l 2 -[sin(a + b)-sin(a-b)}. 
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\i-\m 2 - !m.- sin(3(o, i- 3co 2 t - 3a) 

+n ■ Ic, - • {sin(3co, t-3p + 3co 2 ■ t + 3a) - s/n(3£y, t-3{5-3(o 2 t -3 

1 f ( 2k 2k 

+ ~\sin\3<u r t-3fl- — + 3cD 2 t + 3a- — 

- sin^3a), t-3p~~- 3co, ■ t - 3a + y jj 

1 ( ( 4k 4k 

+ ~Uin\3a), t-3f5- — + 3oo 2 -,f + 3a- — 

( 4ic 4ft\\ 

- sin\ 3o), ■ t - 3(5 - — - 3co 3 ■ t - 3a + — J > 



+nlc 2 (t) 



~ ■ [sin(a) 2 ■ t — y + (o 2 ■ t + a) - sin(co 2 ■ t - y - (o 2 ■ t - a)) 



+ — lsin\^o 2 t-y 



+ 



1 -\sin( 



co 2 t-y 



to, f 



+ sin\ a) 2 t-y 



+ ~-{sin^(o 2 t-y 



2k \ ( 2k 

— + co 2 t + a\- sin\^(jj 2 ■ t - y - — - co 2 t - a 

4k \ ( 4k 

— + co 2 t + a\ ~ sin\a) 2 t - y - — - co 2 t - a 

~ + o) 2 t + a j- sin^(o 2 t-y co 2 ■ t - a j 

+ co 2 ■ t + a j - sin^o) 2 t -y co 2 t - a 



12n 



10n 



^ + co 2 -t + aj- sin\a) 2 t-y- - (x> 2 t - a 
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1_ 
2 



■ ^sin^a> 2 t-y- + co 2 t + aj- sin^a) 2 t-y- - <o 2 ■ t - a j J 

1 f . ( 16k \ ( 14x t 

+ 2 ' | s/n l 0>2 ~~£~ + co 2 { + a\ -sin\a>2 t-y - — -(o 2 l-a 

- n ■ lm 2 - [lm, ■ sin(3a>, ■ f - 3a> 2 ■ t - 3a) 

+ 1 ■ n ■ lc, ■ \ sin(3co, • f + 3co 2 t -3/3 + 3a)- sin(3(o, t-3oj 2 t-3a- 3/3) 



( 



+ sin 



4k_ 
3 

2k \ 



+ sin^3a), t + 3co 2 -t-3p + 3a-^-}- sin(3co, ■ t - 3co 2 t -3a- 3p) 



3g>, t + 3Q} 2 t-3p + 3a-— - s/'n(3<w, t-3a> 2 t-3a-3(3) 



+nlc 2 (t) 
1 

+ 

2 
1 

+ — 
2 

1 

2 



— ■ [sin(a) 2 t-y + co 2 t + a) + sin(y + «)} 



^ |s/n^a> ? t - 7 + co 2 t + a- + s ' n (y + a ) 
^~ ■ |s/n^ftj ? • t - y + co 2 ■ t + a - ^ j + sin(y + a) 



+ —<sin 



b) 2 t-y + eo. s - t + a- 



1 



+ — {sin\ co 2 t-y + co 2 t + a 



+ — • sin 
2 



1 



12k 
9 

16k} 
9 

2k 



+ sin(y + a] 
j + sin(y + a 



co 2 ■ t - y + co 2 • t + a - — j + sin(y + a) 

9 



a — • \sin\ co 2 t -y + co 2 t + a- 



6k 



1 



2 
1 



9 

10k 



I + sin(y + a) 

+ — ■ \sin\ co 2 ■ t - y + co 2 • t + a - I + sin(y + a) 



14k 



+ — ■{ sin\ co 2 t-y + a) 2 t + a + sin(y + a) 



li ■ lm 2 - |/m ; • sin(3co, ■ t - 3m 2 ■ t - 3a) -~-n lc r sin(3<o, t + 3co 2 t-3a- 3/3) 
+ ^ ■ n ■ lc 2 [t ) ■ sin(y + a)| 



(61) 



(3-5-3) Summary 

[0231] As described in the case of equation (48), as in the case of three-phase alternating current, the first and 
second terms on the right-hand side of equation (61) are canceled when these terms in other phases are taken into 
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account 

[0232] When ihis equation (6 t) for the case where the inner rotating magnetic fields Fire supplied by a nine-phase 
allernaimg cunem is competed with the above-mentioned equation (52) where the inner rotating magnetic fields are 
supplied by a three-phase attQmaUng current, the fixed term of equation (61 ), i.e. the last term, is three times that of 
s equation [52) 

[0233] In other words, when the drive current of the inner magnets m 2 is a nine-phase alternating current (// - lix) t a 
drive force i e . drive torque, is three times that when the drive current of the inner magnet is a three-phase alternating 
current 

[0234] in other words, the drive torque required to generate the same drive torque for the inner magnets m 2 is only 1/3. 

10 [0235] This completes the theoretical analysis of this invention. 

[0236] Finally tourth-eighth embodiments of the invention will be described referring to Figs. 18-22. Here too, the 
inner rotor 4 is arranged inside the stator 2 and the outer rotor 3 is arranged outside the stator 2 as in the above- 
mentioned first-third embodiments, and the magnetic pole number ratio of the outer rotor 3 and inner rotor 4 is varied. 
[0237] in the fourth embodiment shown in. Fig. 13, the magnetic pole number ratio is set at 2:1. 

75 [0238] in the fifth embodiment shown in Fig, 19, the magnetic pole number ratio is set at 2:1. 
[0239] In the sixth embodiment shown in Fig. 20, the magnetic pole number ratio is set at 3:1 . 
[0240] In the seventh embodiment shown in Fig. 21 . the magnetic pole number ratio is set at 9:1 . 
[0241] In the eighth embodiment shown in Fig. 22, the magnetic pole number ratio is set at 3:1. 
[0242] Hence this invention may be applied when the magnetic pole number of the outer rotor 3 is less than or 

20 greater than the magnetic pole number of the inner rotor 4. 

[0243] In Figs 18-22. several salient poles are not shown, but the ratio of outer salient pole number to inner salient 
pole number is set to be the same as the magnetic pole number ratio of the outer rotor 3 and inner rotor 4. Specifically, 
it is set at 2:1 m the fourth embodiment shown in Fig. 18 and fifth embodiment shown in Fig. 19. It is set at 3.1 in the 
sixth embodiment shown in Fig. 20 and eighth embodiment shown in Fig. 22; In the seventh embodiment shown in 

25 Fig. 21, it is set at 9 1 

[0244] in the description ol the above embodiments, the caso was described where the rotors were driven as a motor, 
however they may of course also be used as generators, or one rotor may be used as a motor and the other one may 
be used as a generator lo generate power. • 
[0245] The contents of Tokugan Hei 10-77465 with a filing date of March 25, 1 998 in Japan, are hereby incorporated 
30 by reference Although the invention has been described above by reference to certain embodiments of the invention, 
the invention is not limited to the embodiments described above. Modifications and variations of the embodiments 
described above will occur to those skilled in the art, in tight of the above teachings. 

[0246] For example, tn the above embodiments, the rotors 3 and 4 were arranged outside and inside the staior 2, 
but both rotors may be arranged ouisido the stator 2 or inside the stator 2. 
05 [0247] Also, the signal output by the control circuit 15 to the inverter is not limited to a PWM signal, and a pulse 
amplitude modulation (PAM) signal or other signals may be used. 

[0248] This invention is not limited to a radial gap type motor/generator wherein the gap between the rotor and the 
stator is set in a radial direction, and may be applied to a motor/generator wherein the gap between the rotor and stator 
is in an axial direction, 

40 [0249] The embodiments of this invention in which an exclusive property or privilege is claimed are defined as follows: 



Claims 



45 1. A motor/generator, comprising: 



a first rotor (3) comprising plural magnetic poles and supported free to rotate, 

a second rotor (4) comprising plural magnetic poles and supported free to rotate coaxially with said first rotor (3), 
a stator (2) fixed co-axially with said first rotor (3), 

so a coil unit (6) comprising plural coils disposed at equal angular intervals on said stator (2) so as to form plural 

rotating magnetic fields of equal number to the number of magnetic poles of said first rotor (3) according to a 
first alternating current and to form plural rotating magnetic fields of equal number to the number of magnetic 
poles of said second rotor (4) according to a second alternating current, said coil unit (6) comprising first salient 
poles (7B, 7C, 21 C, 21 D, 21 E) facing said first rotor (3) and second salient pofes (70, 21 F) facing said second 

ss rotor (4), wherein the ratio of said first salient poles (7B, 7G, 21 C, 21 D, 21 E) and second salient poles (7D, 

21 F) is set equal to the ratio of a magnetic pole number of said first rotor (3) and a magnetic pole number of 
said second rotor (4), and 

an electrical circuit (11, 12, 13, 14, 15) for supplying a composite electrical current comprising said first alter- 
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nating currant and said second alternating current to said cof) unit (6). 

A motor/generator as defined in Claim 1, wherein the number of said first salient .poles (7B, 7C, 21 C, 21 D, 21 E) 
is larger than the number of. said second salient poles (7D, 21 F), said second salient poles (7D, 21 F) are divided 
by gaps (9, 22) which divide said stator 2, and said first salient poles (7B, 10, 21 C, 21 D, 21 E) are divided by said 
gaps (9, 22) and slits (7 A, 21 A, 21B) formed in said stator 2. 

A motor/generator as defined in Claim 1, wherein the number of said first salient poles (7B, 7C, 21 C, 21 D, 21 E) 
is larger than the number of said second salient poles (7D, 21 F), said second salient poles (7D, 21F) are divided 
by a large resistor (32) provided in said stator 2, and said first salient poles (7B t 7C, 21 C, 21 D, 21E) are divided 
by said resistor (32) and slits (21 A, 21 B) formed in said stator 2. 

A motor/generator as defined in Claim 3, wherein said stator. (2) is formed in a cylindrical shape comprising an 
inner circumference and outer circumference, and said targe resistor (32) comprises two siits (32A, 32B) formed 
on said inner circumference and outer circumference. 
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FIG. 2 
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FIG. 20 
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